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Abstract 
Ion Transport in Polymer/Ionic Liquid Films 
Liang Gwee 
Advisor: Prof. Yossef A. Elabd 
 
Solid state-polymer electrolytes with high ionic conductivities are the subject of 
extensive research for a wide variety of electrochemical applications that include 
batteries, fuel cells, solar cells, super capacitors and actuators. However, the use of 
traditional polymer electrolytes is limited due to their reliance on volatile solvents for ion 
dissociation. The use of non-volatile organic solvents known as ionic liquids (ILs) in 
polymer electrolytes has recently been explored to overcome this limitation, but 
fundamental insights regarding the factors that affect ion conductivity in polymer/IL 
systems are missing. Ionic liquids are intriguing solvents due to their negligible vapor 
pressures, high ionic conductivities, wide electrochemical windows, and excellent 
chemical stability. 
  
In this work, we focus on the solid-state properties of polymer/IL mixtures and their 
potential impact to solid-state energy devices. Neutral homopolymer/IL mixtures and 
charged homopolymer (imidazolium-based polymerized IL)/ionic liquid mixtures were 
prepared to study the effect of compatibility and glass transition temperature on ion 
transport. Also, neutral diblock copolymer/ionic liquid mixtures were used to study the 
effect of IL content on nanoscale morphology and its subsequent impact on ion transport. 
In addition, the transport and mechanical properties of an actuator were investigated 
using a new experimental technique that was developed specifically for this purpose. The 
 xvi
experiment uses time-resolved FTIR-ATR spectroscopy to study ion diffusion on a 
molecular level in a polymer/IL actuator when it was subject to an external electric field, 
while simultaneously measuring polymer strain using a real-time imaging. 
  
 
 
 1
Chapter 1. Introduction 
 
1.1. Overview 
Solid-state polymer electrolytes with high ionic conductivities are the subject of 
extensive research for a variety of electrochemical applications that include batteries, fuel 
cells,1 solar cells,2 supercapacitors,3 and actuators.4 This interest is motivated by the 
shortcomings of liquid electrolytes (e.g., leakage, flammability, toxicity and stability),5-9 
but current state of the art polymer electrolytes require solvation in order to exhibit their 
highest conductivities. This imposes operational limitations on the electrochemical 
devices that utilize these polymer electrolytes.10,11 The use of a novel class of non-volatile 
solvents known as ionic liquids are considered an alternative approach to developing new 
solid-state electrolytes that do not depend on high solvent content for high ionic 
conductivity. 
 
The combination of polymers and ionic liquids have attracted significant interest as 
replacements for current polymer electrolytes.12 Ionic liquids are organic salts that exhibit 
weaker interactions than their inorganic counterparts due to the asymmetry and large size 
of the constituent ions, resulting in a material that self-dissociates and melts at 
temperatures below room temperature. The organic nature of ionic liquids enable the 
properties of the material to be tailored to include useful physiochemical characteristics 
such as negligible vapor pressure, non-flammability, high ionic conductivity, a wide 
electrochemical window, and good chemical and thermal stability.12,13 Polymer/ionic 
liquid mixtures exhibiting some of these useful properties have been investigated for 
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applications such as dye-sensitized solar cells,2,14-26 lithium ion batteries,27-34 fuel 
cells,35-41 actuators,42-46 electrochemical capacitors,47-50 and light-emitting 
electrochemical cells.51 
 
The preparation of conductive polymer/ionic liquid mixtures is closely related to 
miscibility,51-53 but this effect is not well understood. In particular, there has not been a 
comprehensive study regarding the effect of miscibility on the transport and mechanical 
properties of polymer/ionic liquid mixtures. Polymerized ionic liquids have been 
prepared54-66 to incorporate the ionic liquid moiety into the polymer with hopes that they 
exhibit similar properties as ionic liquids with the benefits of a solid-state material. 
However, Ohno54 reported that polymerization of an ionic liquid monomer reduced the 
conductivity by three orders of magnitude. The incorporation of bulk ionic liquid into a 
polymerized ionic liquid might improve solvation or behave as a plasticizer and therefore 
potentially improve the properties of polymerized ionic liquids, but there are currently no 
reports of such a study. Another factor that can affect the transport properties of a 
polymer electrolyte is morphology, and such an approach might provide further 
enhancement in conductivity. Different polymer morphologies can be obtained in block 
copolymer/ionic liquid mixtures,67-72 but there is a no study of how this might affect the 
properties of the film. The performance of devices based on polymer electrolytes is often 
related to ion diffusion, but it is difficult to obtain data of the concentration of ions within 
the electrolyte and track its response to an applied electric field. 
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In this work, we focus on the solid-state properties of polymer/ionic liquid mixtures and 
its potential impact to solid-state energy devices. Neutral homopolymer/ionic liquid 
mixtures and charged homopolymer (imidazolium-based polymerized ionic liquid)/ionic 
liquid mixtures were prepared to study the effect of compatibility and glass transition 
temperature on ion transport. Also, neutral diblock copolymer/ionic liquid mixtures were 
used to study the effect of ionic liquid content on nanoscale morphology and its impact 
on ion transport. In addition, the transport and mechanical properties of an actuator was 
studied using a new experimental technique that was developed specifically for this 
purpose. The experiment allows the use of time-resolved Fourier transfer infrared 
attentuated total reflectance FTIR-ATR spectroscopy to study ion diffusion on a 
molecular level at the electrode-electrolyte interface of the actuator under an applied 
electric field. Using a digital camera, the macroscopic polymer strain can be measured 
simultaneously so that the two phenomena can be correlated.  
 
1.2. Ion Transport in Polymers 
In 1973, Wright and co-workers73 reported the complexation of alkali metal ions by 
poly(ethylene oxide), an important discovery that led to the development of these new 
polymer/salt complexes known as solid polymer electrolytes.74 Berthier and co-workers75 
demonstrated that in these semi-crystalline systems, the amorphous phase was 
responsible for ion transport. Angell and co-workers,76 studying the conductivity of these 
electrolytes, observed curved Arrhenius plots of conductivity versus temperature and 
suggested a similarity in behavior with the viscosity77 and conductivity78 of supercooled 
molten salts. Transport in glass-forming ionic liquids has been understood by fitting the 
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data to the Vogel-Tamann-Fulcher (VTF) equation,79 where equivalent conductance, Λ, 
is a function of temperature, T. The symbol Λ was preserved here for historical accuracy, 
but is equivalent to the more commonly used term, conductivity, σ. 
  0T 
1
2 exp
K
T  T0



        (1.1) 
In Equation 1.1, Λ0 is the pre-exponential term and K is a term analogous to activation 
energy in the Arrhenius sense. T0, also known as the Vogel temperature, corresponds to 
the absolute zero of the Arrhenius theory or the temperature at which ions cease to 
transport. Experimentally, T0 is difficult to obtain and has been suggested to be 50 K 
below the differential scanning calorimetry (DSC) determined glass transition 
temperature, Tg.7 T0 might be obtained from the three parameter fit of Equation 1.1, but 
according to Angell,79 accurate determination of T0 by regression requires measurement 
of transport properties that span 1.5 orders of magnitude, corresponding to a temperature 
range between T0 and 2T0. Barreira and Barreira78 noted that at temperatures much 
greater than T0, the behavior becomes Arrhenius-like.  
  0 exp EaRT



         (1.2) 
The Arrhenius equation, shown in Equation 1.2, contains a pre-exponential factor, the gas 
constant (R = 8.314 J/mol K) and activation energy, Ea (J/mol). The activation energy can 
be rationalized as the resistance to diffusional jumps and for the Arrhenius equation this 
does not change with temperature. Bartholomew80 proposes that an equivalent activation 
energy for Equation 1.1 might be obtained by taking its derivative with respect to 
temperature, yielding Equation 1.3.  
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E a,VTF  R  ln 1T   12 RT KR
T
T  T0




2
      (1.3) 
Equation 1.3 shows the temperature dependence of the VTF activation energy. It is worth 
noting that when the temperature is equal to the Vogel temperature (T0), Ea,VTF goes to 
infinity. This is consistent with previous assertions that ion transport ceases at the Vogel 
temperature. 
 
 
Figure 1.1. Arrhenius plot of the conductivity of various polymer/lithium salt 
electrolytes.81 
 
 
 
The VTF equation is frequently used as a means of understanding ion transport in 
polymers and an example is shown in Figure 1.1. However, it is worthwhile to note that it 
is a three-parameter fit and thus it is not a surprise that regressions to the VTF equation 
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result in lower regression error when compared to the Arrhenius model, which has two 
fitting constants. The ability to extract physical meaning from the fitting constants 
provides a means of comparing the conductivity data from different samples. Of the three 
fitting constants, the Vogel temperature, T0, is absent from the Arrhenius model and 
provides some insight into the degree to which polymer chain dynamics play an 
important role in transport. When T0 is close to 50 K below Tg, the model exhibits typical 
VTF character: conductance on an Arrhenius plot (conductance versus 1000/T) 
asymptotically approaches a maximum conductivity at high temperature and approaches 
zero as the temperature approaches T0. In the case that the conductance is not well 
described by the VTF model, attempts to regress the data to the model resulted in T0 
values that are much greater than 50 K below Tg. This results in behavior that is similar to 
what is predicted by the Arrhenius model, suggesting that polymer dynamics do not play 
a role in ion transport. The other two VTF fitting constants have physical meaning which 
are much less obvious. Λ0 is related to the maximum conductance given infinite 
temperature, but this value cannot be physically measured. The last term, the pre-
exponential K as mentioned before is one of the two constants related to the VTF 
activation energy as shown in Equation 1.3. For this reason, it is not a useful constant for 
comparing different samples except in the special case when T0 is the same. 
 
Williams, Landel, and Ferry82 (WLF) proposed a single empirical function that describes 
the temperature dependence of all mechanical and electrical processes. This relation is 
given below in Equation 1.4. 
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      (1.4) 
In Equation 1.4, aT is the shift factor. As presented here, the shift factor is defined as the 
ratio of the temperature dependent viscosity, η(T), and the viscosity measured at a chosen 
reference temperature, Ts, so that it is a ratio of relaxation times at the temperature of the 
measurement versus the relaxation time at the reference temperature. Williams, Landel, 
and Ferry82 made the observation that among seventeen different polymers, polymer 
solutions, and glass-forming liquids, plots of the shift factor, aT, versus T-Ts yielded plots 
which superimposed on each other. This observation was presented as proof that c1 = -
8.86 and c2 = 101.6 were universal constants.82 In addition, Ts was often found to be 
equal to Tg + 50 K. Since the reference temperature, Ts, is arbitrary, the substitutions, Ts’ 
= Ts + δ, c1’=c1c2/(c1 + δ) and c2’=c2 + δ, where δ = 50 K can be used to transform 
Equation 1.4 into a form that is a function of Tg as shown in Equation 1.5. 
        (1.5) 
In Equation 1.5, the new universal constants are given as c1’ = 17.44, c2’ = 51.6. Equation 
1.4 and Equation 1.5 can be related to conductivity using the Walden rule, which relates 
viscosity to diffusivity.  
  const
D
          (1.6) 
In Equation 1.6, D is the diffusivity, which can be directly related to conductivity using 
the Nernst-Einstein equation (Equation 1.7).  
  DNq
2
kT
          (1.7) 
Log aT  Log  T  Ts 






c1 T Ts 
c2 T Ts 
Log aT  c1
' T Tg 
c2
' T  Tg 
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In Equation 1.7, σ is the conductivity at temperature, T, D is the diffusivity of the ions, 
N is the number of charge carriers, and q is the charge state of the carriers. Therefore, if 
one assumes that viscosity is inversely proportional to conductivity, this allows the shift 
factor to be described in terms of conductivity (Equation 1.8). 
Log aT  Log  T  Ts 





 Log
 Ts 
 T 





       (1.8) 
The WLF equation (Equation 1.4) is therefore a reincarnation of the VTF equation 
(Equation 1.1)7 and this is easily proven by performing the substitution c2 = Ts- T0 and c1 
= K / k (Ts - To), where k is Boltzmann’s constant. Of greater interest is the physical 
meaning provided by the WLF form of the equation. Doolittle83 proposed that the free 
volume in liquids can be related to its viscosity using the relationship shown in Equation 
1.9. 
         (1.9) 
In Equation 1.9, A and B are constants specific to the substance, while vf and v0 are the 
free volumes at the measurement temperature and absolute zero, respectively. Williams 
and co-workers82 used this relationship to understand Equation 1.5 in terms of polymer 
free volume. To do so, vf/v0 was assumed to be equal to vf/(vf + v0) and the constant B 
was assumed to be unity, which according to Doolittle’s83 report was true for  
supercooled liquids. Using the shift factor, aT reduced to Tg, Equation 1.9 becomes 
Equation 1.10 
        (1.10) 
ln  B v0
v f
 ln A
logaT  12.303
1
f
 1
fg






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In Equation 1.10, fg is the fractional free volume at Tg. Since the temperature 
dependence of free volume was related to the difference in thermal expansion coefficient, 
α2, above and below Tg, Williams and co-workers82 proposed that f = fg + α2(T-Tg). 
Substituting this into Equation 1.10 yields 
logaT   12.303 fg
T Tg 
fg
2 T Tg




        (1.11) 
Equation 1.11 can be compared with Equation 1.5 to yield fg = 1 /2.303 c1’; α2 = 1/2.303 
c1’ c2’. Using the universal constants, the fractional free volume at the glass transition 
temperature was calculated to be 0.025, while the thermal expansion coefficient was 
calculated to be 4.8 x 10-4 K-1.82  
 
Adam and Gibbs84 proposed a molecular kinetic model explaining the temperature 
dependence of relaxation in glass-forming liquids based on thermodynamic arguments. 
This work is of particular interest because while based on theory, it predicts behavior that 
is described by the empirical WLF equation. The glass transition temperature is described 
by Adam and Gibbs84 as a quasistatic temperature below which the time scale related to 
establishment of equilibrium is beyond physical realization of most experiments. This 
was suggested to be due to an increase in relaxation times due to the small number of 
configurations available to the system, suggesting the smallness of equilibrium entropy as 
the glass transition temperature is approached. Extrapolation of equilibrium data 
collected above the glass transition temperature to temperatures below the Tg resulted in 
negative configurational entropies, a thermodynamic “catastrophe”. Gibbs and 
Dimarzio85 resolved this catastrophe by demonstrating that there exists a second order 
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transition temperature T2, below which the configurational entropy remains zero. This 
quantity, T2 has been used interchangably with the Vogel temperature, T0.79 It should be 
noted that while Tg is a kinetic quantity that varies depending on the time scale of the 
experiment, T2 is a thermodynamic quantity and hence should not. 
 
The development of Adam and Gibbs’84 theory requires taking the view that the 
relaxation time is related to viscosity/conductivity of the liquid. This can then be related 
to the translational motion of a given molecule by cooperative rearrangement of a group 
of molecules. This process can be described as a probability function and to evaluate it, 
Adam and Gibbs84 defined the cooperatively rearranging region as the smallest group that 
is able to rearrange into another configuration. This can be understood by considering the 
case when the temperature corresponds to T2, which as mentioned in the previous 
paragraph, corresponds to a state where the configurational entropy is zero. Cast in this 
light, the cooperatively rearranging region at T2 becomes the entire sample. Making the 
assumption that the cooperative region has weak interactions with its environment, i.e., 
independent and equivalent groups, Adam and Gibbs84 derived the probability function in 
Equation 1.12.  
W T   Aexp sc*
kTSc



 Aexp
C
TSc



       (1.12) 
In Equation 1.12, A is frequency factor, Δμ is the potential energy hindering 
rearrangement, sc is the critical configurational entropy of the subsystem, k is the 
Boltzmann constant, T is the temperature, C is a constant and Sc is the configurational 
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macroscopic entropy of the system. The Adams and Gibbs84 theory was used to derive 
the relaxation time in Equation 1.13. 
 T  1
W T            (1.13) 
The logarithm of the shift factor was then calculated using log aT = log [W(Ts) / W(T)] to 
yield, 
logaT  2.303 sc
*
k




1
TsSc Ts 
1
TSc T 





      (1.14) 
The configurational entropy can be evaluated by assuming that the specific heat of glass 
forming liquids are independent of temperature as Sc(T) - Sc(Ts) = ΔCp ln (T/Ts). Using 
the definition of T2, Sc(T2) = 0, it was additionally found that Sc(Ts) = ΔCp ln (Ts/T2), 
where ΔCp is the difference in specific heat at Tg and T2. Substituting Sc(T) and Sc(Ts) 
into Equation 1.14, it is possible to describe the shift factor in a form that is similar to the 
WLF equation. 
logaT 
a1 T Ts 
a2  T Ts 
a1 T   2.303 C
CpTs ln TsT2




a2 T  
Ts ln
Ts
T2




ln
Ts
T2



 1
Ts
T Ts







ln
T
Ts




      (1.15) 
Using the glass transition temperature as the reference temperature, Adam and Gibbs84 
used the c1’ and c2’ values reported by Williams et al.82 to derive the quantity, (Tg / T2) 
and correspondingly, T2. The quantities Tg / T2 and Tg - T2 were found to be 1.3 ± 8.4% 
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and 55°C ± 10.9% respectively for the supercooled glasses reported by Williams and 
co-workers.82 Applying the same treatment to work on amorphous polypropylene by 
Passaglai and Kevorkian,86 values of 1.26 and 53°C were reported.84 The reconciliation 
between the purely empirical WLF equation and Adam and Gibbs’ theory provides strong 
motivation to pursue regressions to the latter where possible. 
 
In contrast to the VFT and WLF behavior of polymer/salt systems described above, there 
are other cases where ion transport in polymers is better described by the Arrhenius 
equation. An example is proton transport in sulfonated polymers (i.e., polymers 
containing sulfonic acid). The most popular example is a perfluorinated sulfonic acid 
polymer membranes referred to as Nafion (DuPont), which exhibit high water-saturated 
proton conductivities of >10 mS/cm at room temperature. Nafion consists of a 
poly(tetrafluoroethylene) (PTFE) backbone with perfluoroether side chains terminated in 
sulfonic acid moieties. The backbone is hydrophobic, while the acid containing side 
chains are hydrophilic. This difference is a likely reason for the interesting co-continuous 
microphase separated morphology observed in these polymer membranes. 
 
Nafion has been thoroughly studied for its morphology, thermal and transport properties 
and a good review of the literature has been provided by Mauritz and Moore.87 While 
there has been much debate over many of Nafion’s properties including its true glass 
transition temperature, there is consensus that water content plays an important role in the 
morphology and transport properties of the polymer. The ion exchange capacity (IEC) is 
a measure of ion content. Nafion 117 has a high IEC of 0.91 mmol acid/g (dry polymer), 
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which results in high water-saturated conductivities, but it low conductivities when 
dry. When solvated with a solvent such as water, the acid is dissociated to produce free 
protonic species, so that the conductivity of Nafion increases many orders of magnitude. 
It is significant to note that Nafion is a random copolymer, and has a complex 
morphology that has been simplified in terms of a co-continuous phase-separated 
structure that comprises of hydrophilic ion containing domains and hydrophobic PTFE 
domains. Weber and Newman88 proposed that Nafion forms a percolated network with 
increasing water content as illustrated in Figure 1.2, where proton conductivity increases 
with increasing water content and follows a percolation model.88 
 
 
 
 
 
Figure 1.2. Weber and Newman’s conceptual morphological model of Nafion88 
 
 
 
The close association between water content and ion conductivity in Nafion has been 
extensively studied89 and can be demonstrated by measured conductivity as a function of 
humidity as shown in Figure 1.3. 
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Figure 1.3. Arrhenius plot of conductivity for Nafion at various relative humidities (RH) 
showing the Arrhenius behavior of Nafion especially at high RH. 
 
 
 
The most significant result for the purposes of this discussion is that Nafion exhibits 
Arrhenius behavior at high water contents unlike polymer/salt system described above. 
This difference is related to the presence of water-rich ionic domains, which appear to be 
disconnected from polymer chain dynamics. In these ionic regions, ions enjoy bulk-like 
solvent diffusion behavior, where conductance is limited by the connectivity between 
ionic domains. In these systems, the effect of polymer dynamics is manifested as the 
ability of the ionic domains to swell with solvent and percolate rather than polymer chain 
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relaxation restricted diffusion, unlike the behavior observed in supercooled glasses 
(VTF). 
 
1.3. Ionic Liquids 
Ionic liquids have recently been the subject of extensive investigation due to their unique 
properties (e.g., negligible vapor pressure, non-flammability, high ionic conductivity, a 
wide electrochemical window, and good chemical and thermal stability).12,65,90 Unlike 
inorganic salts, which requires solvation by a solvent to dissociate into an ion pair (e.g., 
NaCl + H2O  Na+ + Cl-), ionic liquids do not require solvation and exist as completely 
dissociated ion pairs in the liquid state at room temperature. Figure 1.1 lists a series of 
common cations (Figure 1.4a) and anions (Figure 1.4b). The earliest known room 
temperature ionic liquid, ethylammonium nitrate was discovered in 1914,91 but it was not 
until the discovery of air and water stable ionic liquids by Wilkes et al. in 199292 that 
ionic liquids were seriously considered as possible electrolytes.  
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Figure 1.4. Common (a) cations and (b) anions that form ionic liquids. 
 
 
 
The physical properties and electrochemical limits of common ionic liquids are shown in 
Table 1.1. It is noted that while the glass transition temperature of the ionic liquids are 
typically in the range of -77 to -87°C, all other properties including melting temperature, 
density, molar mass, viscosity, conductivity and electrochemical stability vary. 
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Table 1.1. Physiochemical properties of ionic liquids at 30°C. 
Ionic liquid Tg 93 
(°C) 
Tm93 
(°C) 
ρ93 
(g/cm3)
η93 
(mPa s) 
σ93 
(mS/cm) 
Electrochemical 
stability90 
Cathode 
limit (V) 
Anode 
limit (V) 
BMIm-TFSI -87 -3 1.43 40 4.6 -2 2.1 
BMIm-BF4 -83  1.2 75 4.5 -1.6 4.5 
BMIm-Tf -78  1.21 58 3.8   
EMIm-DCA -10494 -2194 1.0694 2194  -1.6 1.4 
BMIm-PF6 -77 10 1.37 182 1.9 -2.3 3.4 
BMIm-
CF3SO3 
-82 17 1.29 64 3.6   
BMPy-TFSI -83 15 1.39 60 3.4 -3 2.5 
EMIm-TFSI -87 -16 1.28   -1.8 2.5 
 
 
 
 
The work herein focuses on dialkylimidazolium based ionic liquids due to their high 
conductivities.95 1-Ethyl-methylimidazolium bis(trifluoromethylsulfonyl)imide has 
attracted considerable attention for a variety of different electrochemical applications due 
to its high conductivity of ~10 mS/cm at room temperature. More recently, Hagiwara et 
al.96 reports that the novel ionic liquid 1,3-dimethylimidazolium fluorohydrogenate 
exhibits a conductivity of ~100 mS/cm at room temperature, which is in excess of state-
of-the art polymer electrolytes at the same temperature, highlighting the potential of 
using ionic liquids as an additive. The viscosity of ionic liquids is inversely related to the 
conductivity and can be shown using a Walden plot, such as one shown in Figure 1.5. 
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Figure 1.5. Walden plot of dialkylimidazolium based ionic liquids. Reproduced from 
Hagiwara and co-workers.96 
 
 
 
Figure 1.6 shows an example of bulk ionic liquid conductivity as a function of 
temperature. It is observed that the conductivity of 1-alkyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ionic liquids exhibited VTF or WLF type behavior. 
While this type of conductivity-temperature behavior is consistently observed for several 
different ionic liquids and regression of the data to the VTF equation is typical, due to the 
relatively low Tg and correspondingly T0, it is not uncommon for the conductivity data 
collected to fall into a temperature range much greater than 2T0 so that the data appears to 
be Arrhenius-like. This can be clearly seen in Figure 1.6 where the conductivity is 
regresses well to the VTF model between 1000/T values of 2.7 to 3.8. However, if the 
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data can only be collected above room temperature (1000/T < 3.3), the data might 
appear to be Arrhenius. 
 
 
Figure 1.6. Temperature dependence of ionic conductivity for 1-alkyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide ionic liquids. Reproduced from Tokuda et 
al.97 
 
 
 
1.4. Polymer/Ionic Liquid Mixtures 
Understanding the impact of incorporating ionic liquid (IL) into a polymer is key to the 
development of polymer/IL electrolytes. Polymer electrolytes are broadly categorized as 
either solid polymer electrolytes (SPE) or gel polymer electrolytes (GPE). SPE’s are 
based on high molecular weight polymers which performs the dual purpose of solvating 
the ions and providing mechanical strength while GPE’s are polymer gels where the 
polymer is used to encase liquid electrolyte. Due to the higher conductivities exhibited by 
GPE’s, they have received more attention. Similarly for polymer/IL electrolytes, most 
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studies have focused on the properties of gel polymer electrolyte-like materials.27,98,99 
Poly[(vinylidene fluoride)-co-hexafluoropropylene]/1-ethyl-3-methylimidazolium 
trifluoromethylsulfonate98,99 and poly(lithium-2-acrylamido-2-methyl-1-
propanesulfonate-co-dimethylacrylamide)/1-ethyl-3-methylimidazolium dicyanamide100 
gel electrolytes were reported to exhibit high conductivities at room temperature (~1 
mS/cm). Infrared and Raman spectroscopy in the former indicated a lack of interactions 
between the polymer and the IL, suggesting bulk-like behavior.101 The conductivity of 
these gels were found to decrease with increasing polymer content due to decreased ion 
mobility due to increasing viscosity and glass transition temperature of the mixture,100 
motivating the preparation of samples with higher IL content. The stability of high IL 
content polymer/IL gels was improved using a cross-linking agent and Susan et al.52 
reported that a lightly cross-linked polymer/IL gel prepared by in situ polymerization 
produced samples with conductivities that reached 10 mS/cm under ambient conditions. 
It was noted that six different monomers were miscible with the ionic liquid, but only two 
of them formed miscible polymer/ionic liquid gels after polymerization. Poor polymer/IL 
miscibility has been observed by several researchers,34,53,102 but there is no clear 
quantitative study on this subject. 
 
Scott et al.103 reported that mixtures consisting of poly(methyl methacrylate) and non-
volatile imidazolium-based IL mixtures were observed to undergo significant change in 
glass transition temperature with content, while exhibiting excellent thermal and 
chemical stability. This result is significant because of the importance of glass transition 
temperature and its relation with the conductivity and mechanical properties of the 
 21
polymer. Lewandowski and Swiderska47 demonstrated that with increasing non-
conductive plasticizer content, polymer/IL mixtures exhibited improved conductivity 
despite reduced IL content owing to lowering of the glass transition temperature. With 
increasing IL content, the increase in ion conducting species is coupled with a decrease in 
glass transition temperature, (increased ion mobility52) and reduced mechanical strength. 
Susan et al.52 postulated that the number of ion carriers in the system increases when IL is 
incorporated into the gel, because neat IL exists as ion aggregates, and these aggregates 
may deaggregate due to interactions between the ion pairs and the polymer.52 Glass 
transition temperature, ion content, and the formation of ion aggregates all affect ionic 
conductivity. A key challenge still remains in discerning their relative contributions to 
ion transport in polymer/IL mixtures. This study will be the subject of discussion in 
Chapter 2. Unlike GPE, materials resembling SPE, i.e., materials capable of being cast in 
free-standing films, are of particular interest due to their practicality and will be 
emphasized in this work. 
 
1.5. Polymerized Ionic Liquid/Ionic Liquid Mixtures 
More recently, there have been investigations into solid-state polymer electrolytes based 
on polymerizable ionic liquids.56,57,60,63,66,104-108 Polymerized ionic liquids incorporate the 
ionic liquid moiety into the polymer macromolecular structure (in either the side group or 
backbone) by polymerizing ionic liquid monomers. The properties of polymerized ionic 
liquids are strongly associated with both the polymer and ionic liquid structure, where the 
structure of the cation and the anion (e.g., ion type and substitute groups on the cation) 
are known to determine the physiochemical properties of the ionic liquid.12,13 The effect 
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of the ionic liquid moiety on polymer properties, such as ionic conductivity, 60,63,66,104-
106 microwave absorption,109 carbon dioxide absorption,59 and potential as a gene delivery 
vector64 have recently been investigated.  
 
The ionic conductivity of polymerized ionic liquids has been studied by a few 
researchers, 60,63,66,104-106 and it was observed that the conductivity of the polymer 
decreased significantly after polymerization of the monomer. Ohno et al.110 explained this 
decrease to be related to the decrease in polymer chain segmental motion, where 
polymerization results in increased glass transition temperature (i.e., increased viscosity) 
and subsequently reduced thermal motion of the ions. The strong relationship between 
glass transition temperature and ionic conductivity motivates schemes that lower the 
glass transition temperature of the polymerized ionic liquids. Ohno and co-workers110 
explored the effect of the length of the spacer between the polymer backbone and the 
ionic liquid moiety, and the effect of different anions on conductivity in imidazolium-
containing polymerized ionic liquids. Increasing the length of the spacer and doubling the 
size of the anion were both found to increase conductivity.60,63,66,104-106 In another study 
that examined the effect of the cation on the conductivity of polymerized ionic liquids, 
imidazolium, piperidinium and onium based polymerized ionic liquids were compared. 
The imidazolium-based polymerized ionic liquid was found to have the highest 
conductivity. This result was related to the observation that the imidazolium-based 
polymerized ionic liquids had the lowest glass transition temperature and the conductivity 
measured was directly related to the measured glass transition temperatures. More 
recently Chen et al.63 reported on the transport properties of a copolymer of an 
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imidazolium based polymerized ionic liquid and hexylmethacrylate. In this study, ionic 
conductivity actually increased with increasing neutral copolymer content. Increasing 
hexylmethacrylate content compensated for the decrease in ion content by the lowering of 
glass transition temperature and explains the higher conductivities reported.  
 
Although the fundamentals of ion transport in ionic liquids are currently under 
investigation, it is evident that there are a number of other criteria to consider in 
polymerized ionic liquids compared to ionic liquids and polymer/ionic liquid mixtures. 
Polymerized ionic liquids differ in that the cation is restricted in mobility since it is 
tethered to the backbone via a covalent bond, unlike bulk ionic liquid in which both 
cation and anion are mobile. The work by Ohno and co-workers110 suggest that polymer 
architecture, molecular weight, chemistry of ionic liquid moiety and glass transition 
temperature have been reported to be factors that influence ionic conductivity. Work 
done by Chen and co-workers63 has demonstrated that glass transition temperature in 
particular plays a significant role. Currently, there have been no reports on mixtures 
comprising of polymerized ionic liquids and bulk ionic liquids. This is the subject of 
investigation in Chapter 3. 
 
1.6. Block Copolymer/Ionic Liquid Mixtures 
Block copolymers provide a unique template for polymer/IL mixtures, where a variety of 
self-assembled morphologies (e.g., spheres, cylinders, lamellae) on the nanoscale can be 
accessed as a function of composition and thermodynamic incompatibility between 
unlike blocks. Recently, several researchers have investigated the properties of block 
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copolymer/IL mixtures.68-72,111-120 A few studies have characterized both the lyotropic 
and thermotropic phase behavior for several block copolymer/IL solution mixtures over a 
broad IL composition range.72,114 However, most investigations on block copolymer/IL 
mixtures have focused on the high IL composition range identifying unique solution and 
gel behavior. At high IL contents, all micellar structures have been identified in several 
different block copolymer/IL systems similar to what has been observed in amphiphilic 
block copolymer/water solutions, but with different thermosensitivity.70,111,112 Lodge and 
coworkers116,117 have utilized this behavior in their demonstration of thermoreversible 
transfer of block copolymer micelles between water and IL; this is a unique pathway 
where a block copolymer can be used as a carrier of small molecules from one media to 
the next. To date, only several publications have reported on the ionic conductivity of 
block copolymer/IL mixtures, which is a property of great interest as it relates to the 
performance of energy devices. He et al.69 reported on the conductivity of the triblock 
copolymer poly(styrene-b-ethylene oxide-b-styrene) in the IL 1-butyl-3-
methylimidazolium hexafluorophosphate (BMIm-PF6) at the high IL composition range 
(>90 wt%). In this concentration range, the block copolymer appears to not have a 
significant impact on the IL conductivity, where the conductivity scales with viscosity 
similar to neat ILs. More recently, Simone and Lodge71 reported on the ionic conductivity 
of mixtures of the diblock poly(styrene-b-ethylene oxide) and 1-ethylimidazolium 
bis(trifluoromethylsulfonyl)imide in the concentrated solution regime, where 
conductivity increased with increasing IL concentration and molecular weight of the 
ethylene oxide block. With only a few reports on the conductivity of block copolymer/IL 
mixtures, questions still remain regarding the mechanisms of ion transport and the ability 
 25
to attain high conductivities in robust solid-state films. This is the subject of 
investigation in Chapter 4. 
 
1.7. Ion Transport in Polymer/Ionic Liquid-Based Actuators 
Electroactive polymers have been demonstrated as actuators, which unlike traditional 
piezoelectric materials, exhibit high strain rates at a low voltages.121 Traditionally, 
polymer transducers have been fabricated using water-swollen Nafion membranes,122,123 
but the performance of these devices were limited due to their reliance on water. Firstly, 
the evaporation of water limited their in-air performance and secondly, the electrolysis of 
water at 1 V resulted in further loss of water. These limitations were recently overcome in 
Nafion membranes swollen with ionic liquid.44,124 Ionic liquid-based actuators were 
operated in air without any loss in performance for 60,000 cycles, a significant 
improvement over a similar water-swollen device, which deteriorated after 500 cycles.124 
The mechanism for actuation has been understood to be related to ion diffusion within the 
electrolyte, whereby asymmetric swelling of electrodes results in observed macroscopic 
deformation. The applied potential is easily measured while the macroscopic deformation 
of planar actuators has been characterized using tip displacement and curvature. Charge 
models based on the electrical inputs and the mechanical outputs have been developed to 
describe the electromechanical response of electroactive polymer actuators.123 The 
availability of ion concentration measurements within the actuator would enable the 
development of a model that describes ion diffusion within the electrolyte. At the time of 
publication, there are no reports of in situ measurements of ion concentration in a 
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polymer actuator. Chapter 5 describes a novel technique for the in situ measurement of 
ion diffusion within a polymer actuator in response to an applied electric field.  
 
1.8. Outline 
In order to understand ion transport in polymer/ionic liquid mixtures, four surveys that 
focus on specific factors are examined. In Chapter 2, studies on neutral 
homopolymer/ionic liquid mixtures elucidate the impact of miscibility, IL content, and 
glass transition temperature on conductivity. Ionic liquid monomers were polymerized to 
incorporate ionic liquid moieties into the polymer with hopes of preparing a solid-state 
material with some of the bulk properties of ionic liquid. In Chapter 3, polymerized ionic 
liquid/ionic liquid mixtures were used to study the advantages of having a tethered ionic 
liquid-like cation as part of the polymer. In Chapter 4, polymer/ionic liquid mixtures with 
different morphologies were prepared by using diblock copolymers that are able to self 
assemble due to differences in the two blocks. Taking advantage of this ability to self-
assemble, it was possible to prepare materials with different morphology types and 
anisotropic structures. This afforded an opportunity to study the effect of morphology on 
the thermal and transport properties of the material. Chapter 5 discusses the development 
of a novel experiment designed to probe in situ ion diffusion within a polymer/ionic 
liquid actuator. The experiment has the ability to observe changes in ion concentration on 
a molecular level at the electrode interface and macroscopically changes in actuator tip 
displacement. Chapter 6 concludes the work in this dissertation with a discussion of new 
knowledge about ion transport in polymer/ionic liquid films and how it might be applied 
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towards developing new electrolytes. The discussion closes with proposal of future 
research in the continued study of the topic. 
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Chapter 2. Neutral Homopolymer/Ionic Liquid Films 
 
2.1. Introduction 
In this chapter, we focus on the solid-state properties of high polymer content 
polymer/ionic liquid (IL) mixtures and their potential for solid-state energy devices. 
Polymer/IL mixtures can be prepared using solution casting. Specifically, the transport 
and mechanical properties of poly(vinyl alcohol) with three different ILs were studied to 
elucidate the impact of miscibility, ion content, and glass transition temperature. This 
study illustrates the significant trade-off between mechanical strength and transport 
properties. 
 
2.2. Experimental 
2.2.1. Materials 
1-Ethyl-3-methyl imidazolium dicyanamide (EMIm-DCA) (mol. wt. = 177.21; 99% 
purity), 1-butyl-3-methyl-imidazolium trifluoromethanesulfonate (BMIm-CF3SO3) (mol. 
wt. = 288.29; 99% purity), and 1-butyl-3-methyl pyrrolidinium 
bis(trifluoromethanesulfonyl)imide (BMPy-TFSI) (mol. wt. = 324.12; 99% purity) were 
purchased from Solvent Innovations and used as received. Poly(vinyl alcohol) (PVA), 
(Mn = 86,000 g/mol; 99% hydrolyzed) was purchased from Scientific Polymer Products 
Inc and used as received. Nafion 117 (1100 EW, 178 μm (0.007 in.) dry thickness, 
commercially extruded film) was purchased from Ion Power. The following solvents 
were used to purify Nafion: hydrogen peroxide (Aldrich, 30-32 wt %) diluted to 3 wt %, 
ultrapure deionized, reverse osmosis (RO) water (resistivity 16 MΩ cm), and sulfuric 
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acid (Aldrich, 99.999% purity, A.C.S. reagent). The Nafion membranes were purified 
by refluxing in 3 wt% hydrogen peroxide, rinsed extensively in RO water, refluxed in 0.5 
M sulfuric acid and rinsed in RO water again. Each step was done over 1 hr and a similar 
procedure has been reported elsewhere.125 Ultrapure deionized, reverse osmosis (RO) 
water (resistivity ~ 16 MΩ cm) was used as appropriate. 
 
2.2.2. Film Preparation 
5% (w/v) aqueous polymer solutions were mixed with specified amounts of ionic liquid 
and allowed to stir overnight. The polymer/ionic liquid mixtures were then solution cast 
onto Teflon petri dishes (i.d. 2 ¾ in.) under room conditions. Subsequent to casting, the 
samples were placed in a vacuum oven for two hours. Resulting films (thicknesses in the 
range of 200-400 μm) were then stored in a dessicator and extreme care was taken to 
ensure that the samples were not exposed to the environment prior to each experiment. 
 
2.2.3. Ionic Conductivity 
The ionic conductivity of each film was measured both through-plane and in-plane with 
electrochemical impedance spectroscopy (EIS). Film resistance was measured at 10 mV 
over a range of AC frequencies (100 Hz to 1 MHz) using a Solartron impedance system 
(1260 impedance analyzer, 1287 electrochemical interface, Zplot software).  
 
The conductivity of neat ionic liquid was measured using a custom made liquid cell 
constructed out of Teflon (illustrated in Figure 2.1). 
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Figure 2.1. Four-electrode liquid conductivity cell. 
 
 
 
Figure 2.2 shows the sealable Teflon custom made two-electrode cell used to measure the 
through-plane conductivity of membrane samples. When assembled, the sample is 
sandwiched between two stainless steel polished blocking electrodes.  
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Figure 2.2. Schematic and picture of the sealable two-electrode cell used for measuring 
through-plane conductivity. The sample is sandwiched between two stainless steel 
blocking electrodes that have a cross-sectional contact area of 1.216 cm2. 
 
 
 
In-plane conductivity was measured using a custom built cell as shown in Figure 2.3. 
Two identical blocks of stainless steel and their dimensions are shown in the figure. The 
blocks had openings to expose the film to a controlled environment and was insulated 
using Teflon-coated fiberglass tape. Four pieces of platinum wire (electrodes) were held 
in place using Teflon-coated fiberglass tape. The cell is assembled by sandwiching the 
sample between the two stainless steel blocks and is held together using four screws, 
which were tightened evenly with adequate pressure, so that the four wires run parallel 
across the top surface of the sample, perpendicular to the length of the film. During the 
measurement, an alternating potential is applied to the two outer electrodes referred to as 
the working and counter electrodes, while the resulting current that flows as a result of 
this input is measured between the two inner (reference) electrodes. 
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Figure 2.3. Schematic showing the dimensions and pictures of the four-electrode (in-
plane) conductivity cell. 
 
 
 
The two-electrode conductivity cell was primarily limited to conductivity measurements 
under ambient conditions. The liquid cell and four-electrode conductivity cells were 
placed in a Tenney environmental chamber with electrical feed-throughs, where 
resistance was measured as a function of temperature at a fixed relative humidity (10% 
RH). Conductivity was measured at temperatures between 30°C and a 150°C in five hour 
steps to allow the sample to reach its steady-state conductivity. In-plane experiments 
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were collected using the same impedance system and frequency ranges as reported for 
the through-plane experiments. 
 
Figure 2.4. Key dimensions used to calculate the conductivity using the (a) two-electrode 
conductivity cell and (b) the four-electrode conductivity cell. 
 
 
 
For both through-plane and in-plane experiments, the real impedance (resistance) was 
determined from the x-intercept of the imaginary versus real impedance data (Nyquist 
plot) over a high frequency range. The dimensions shown in Figure 2.4 were used 
together with the measured real impedance to calculate the conductivity of the film. The 
conductivity for two electrode measurements were calculated using Equation 2.1: 
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  th
AcR
          (2.1) 
where th is the membrane thickness, Ac is the cross-sectional area of the stainless steel 
blocking electrodes (1.2161 ± 0.0015 cm2), and R is the measured resistance. A similar 
formula (Equation 2.2) was used to calculate the conductivity from four-electrode 
measurements. 
  ref
w  th  R         (2.2) 
w is the width of the film, and ref is the distance between the two reference electrodes. 
The film thickness of each sample was measured with a micrometer (Mitutoyo) with 1 
μm accuracy, while the width and reference distance was measured using a pair of 
Vernier calipers. Conductivity values for each sample reported for the through-plane 
experiments are an average of at least three experiments and the error reported is the 
standard deviation of these repeated experiments. More details regarding the procedures 
and use of this technique in our laboratory have been documented elsewhere.126 Figure 
2.5 compares the conductivity of the ionic liquid 1-ethyl-3-methylimidazolium 
bis(trifluoromethyl)sulfonyl imide measured using the liquid cell with data from literature 
and show close agreement.93,97,127 
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Figure 2.5. Conductivity of neat EMIm-TFSI measured using the liquid cell.93,97,127 
 
 
 
2.2.4. Thermal Analysis.  
Thermal transitions were measured using TA Q2000 differential scanning calorimeter 
(DSC). The DSC measures heat flux at given temperatures, so that changes in the heat 
capacity of the material can be observed. This allows the DSC to detect thermal 
transitions such as glass transition, melting and crystallization. The thermal properties of 
the film can be affected by processing conditions. To account for this, the sample is 
heated at least 15 K above its glass transition temperature and annealed for 5 – 10 
minutes to remove the thermal history of the film. The film is then rapidly cooled to a 
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temperature at least 50 K below Tg and heated at a constant rate. A reliable 
measurement of Tg can be made using data from this second heating cycle.128 Stacked 
samples weighing ~5-10 mg were sealed in Tzero aluminum pans and heated to 200°C at 
5°C/minute, held at 200°C for 1 minute, cooled to -80°C at 5°C/min, held at -80°C for 1 
minute, and then heated again to 200°C at 5°C/minute under a nitrogen atmosphere. The 
glass transition temperature is the property of greatest interest and some of the acceptable 
methods of interpreting the data is shown in Figure 2.6. For the purposes of this work, the 
glass transition temperature was characterized as the half-step temperature (mid-point 
method) of the second heating cycle. 
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Figure 2.6. Frequently used quantities for characterization of glass transition. Adopted 
from “Differential Scanning Calorimetry” by Höhne et al.128 Tg,e: Extrapolated onset 
temperature, Tg,1/2: half-step temperature, Cp: Cp - change at the half-step temperature, 
Tg,i : initial temperature of glass transition, Tg,f: final temperature of glass transition, Tg,f – 
Tg,i temperature interval of the glass transition. 
 
 
 
Thermogravimetric analysis (TGA) was performed on the samples using a TA TGA Q50.  
A heating rate of 10°C/min from room temperature to 1000°C was used. Samples were 
placed on platinum pans and the experiments were done under a nitrogen atmosphere.  
 
2.2.5. Tensile Testing.  
Tensile tests of the solution-cast PVA membranes were conducted on an Instron 
4200/4300/4400 under ambient conditions. Dog-bone shaped samples were prepared 
using a punch in accordance with ASTM D638-03 type V testing. The tensile tests were 
performed with a crosshead moving rate of 10 mm/min for elastic samples and 5 mm/min 
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for more rigid samples. The samples were approximately 30 mm by 10 mm. The 
slower rates for the rigid samples was chosen because of the lack of data resolution up to 
the yield point, while the faster rates for more flexible samples was chosen to limit the 
time required to perform the experiment. To confirm the reliability of comparing data 
using two different crosshead moving rates, a control experiment was performed on a 
rigid sample. It was found that the data for the two experiments correlated well. Tensile 
test results reported are the average from three or more tests. The error associated with 
each sample was the standard deviation from these repeated tests. 
 
2.2.6. Scanning Electron Microscopy (SEM) 
SEM was used to study the morphological features of the bulk polymer/IL films. Samples 
were prepared by freeze fracturing using liquid nitrogen so as to examine the cross 
section of the films (i.e., bulk not surface). Subsequently, the samples were sputter coated 
with platinum/palladium at 40 mA for 30 seconds to cover the polymer with a thin 
conductive coat. This step is important because charge build up on the surface of polymer 
samples causes bright spots, image drift and other artifacts. Imaging was done on a XL-
30 Environmental SEM. The instrument had a field emission gun and was operated at an 
accelerating voltage of 10 kV or less. The working distance used was typically 10 mm. 
The data reported was collected using the secondary electron detector. 
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2.3. Results 
2.3.1. Film Properties 
Optical images of several solution-cast PVA/IL mixture films are shown in Figure 2.7. 
Both PVA (Figure 2.7a) and PVA/EMIm-DCA (Figure 2.7b) produced transparent films, 
while PVA/BMIm-CF3SO3 (Figure 2.7c) and PVA/BMPy-TFSI (Figure 2.7d) produced 
translucent films. These results suggest that different ionic liquids could result in 
different polymer/ionic liquid miscibilities.  
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Figure 2.7. Optical image of (a) PVA, (b) PVA/EMIm-DCA, (c) PVA/BMIm-CF3SO3, 
(d) PVA/BMPy-TFSI. All PVA/IL films shown here are at 50 wt% IL. 
 
 
 
2.3.2. Thermal Properties of PVA/IL Mixtures 
Figure 2.8 shows the glass transition temperatures of the PVA/IL films as a function of IL 
content. The DSC thermograms of the pure ionic liquids revealed three different thermal 
transitions: crystallization, melting, and the glass transition. These results were consistent 
with work reported elsewhere.129 Over the temperature range of -80 to 200°C, only a 
single glass transition was observed for the PVA/EMIm-DCA films at all IL contents, 
suggesting amorphous miscible system. Figure 2.8a shows that the measured glass 
transition temperature of the PVA/EMIm-DCA decreases with increasing IL content. 
This decrease agrees well with Fox’s equation (Equation 2.3; solid line in Figure 2.8a), 
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which predicts glass transition temperature for a miscible system from the pure 
component glass transition temperatures.
  
1
Tg
 w1
Tg,1
 w2
Tg,2
         (2.3) 
A noticeable plasticization effect was observed when handling the films, where the pure 
PVA films were hard and brittle, while the PVA/EMIm-DCA mixtures became 
increasingly flexible with more IL content. In Figure 2.8a, the dashed arrow indicates the 
IL composition at which the glass transition is at room temperature; this is an important 
composition as it relates to experiments performed at room temperature (e.g., ion 
conductivity). In contrast to the PVA/EMIm-DCA system, the PVA/BMPy-TFSI and 
PVA/BMIm-CF3SO3 films show a polymer glass transition in addition to the three 
thermal transitions associated with neat ionic liquid and the polymer glass transition 
temperature does not change with increasing IL content (Figure 2.8b), suggesting an 
immiscible phase-separated system. 
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Figure 2.8. Glass transition temperatures of PVA/IL mixtures of (a) PVA/EMIm-DCA  
( ), (b) PVA/BMPy-TFSI ( ) and PVA/BMIm-CF3SO3 ( ) as a function of IL content. 
The bold line in (a) represents Fox’s equation, while the arrows indicate the IL content at 
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which the glass transition temperature equals room temperature (the same temperature 
through-plane conductivity measurements were performed). 
 
The thermal stability of polymer/IL was studied using TGA and is shown below in Figure 
2.9. The mixture film is thermally stable up to 220°C. The thermal decomposition 
observed for the PVA/IL mixture was consistent with the degradation temperature of pure 
PVA. 
 
 
 
 
Figure 2.9. Thermal gravimetric analysis of neat IL, PVA and PVA/EMIm-DCA (50 wt% 
IL). 
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2.3.3. Film Morphology 
Figure 2.10 shows the SEM images of freeze-fractured cross-sections of PVA/EMIm-
DCA at various IL compositions. These micrographs show no signs of phase segragation 
and confirm DSC and optical image findings of a miscible system. 
 
 
 
 
Figure 2.10. SEM images of PVA/EMIm-DCA film (freeze-fractured cross-sections); (a) 
pure PVA. (b) 10, (c) 25, (d) 50 wt% IL. 
 
 
 
Figure 2.11 shows SEM images of PVA/BMPy-TFSI and PVA/BMIm-CF3SO3 films as a 
function of IL content. Phase segregated micron-sized domains are observed at all IL 
contents. Both isolated and continuous phase segregated IL-rich microdomains can be 
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observed depending on the IL content. These results corroborate DSC and optical 
image findings that both PVA/BMPy-TFSI and PVA/BMIm-CF3SO3 films are 
immiscible at all IL contents. 
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Figure 2.11. SEM images for PVA/BMPy-TFSI (a, b, c) and PVA/BMIm-CF3SO3 (d, e, 
f) films (freeze-fractured cross-sections) (a) 10, (b) 25, (c) 50 wt% BMPy-TFSI, (d) 10, 
(e) 25, (f) 50 wt% BMIm-CF3SO3. 
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2.3.4. Ionic Conductivity 
Figure 2.12 shows the through-plane room temperature ionic conductivity of the 
PVA/EMIm-DCA film as a function of IL content. The conductivity increased by seven 
orders of magnitude with increasing IL content. Specifically, conductivity increased from 
1 × 10-6 to 30 mS/cm from 5 to 80 wt% IL. At a composition of ~15 wt% IL, there is a 
discontinuity in ionic conductivity, where two orders of magnitude increase was observed 
at constant IL content. This corresponds to the composition at which the film undergoes a 
glass transition at the same temperature as the conductivity experiments (see Figure 2.8a) 
and suggests that the glass-rubber transition has a significant impact on ion transport. 
Above 20 wt% IL, the conductivity of the film increases exponentially until ~50 wt% IL 
content. Above 50 wt%, conductivity increases linearly with IL content. This data 
suggests three distinct regions of ion transport in a polymer/IL system: (1) a low IL 
concentration glassy region, where polymer chain dynamics plays a significant role on 
ion transport, (2) a medium IL concentration rubbery region, where polymer chain 
dynamics may still play a significant, but lesser role in ion transport, and (3) a highly 
concentrated IL region, where polymer chain dynamics plays almost no role in impeding 
ion transport. To illustrate more clearly the impact of the effect of the polymer on 
conductivity of the polymer/IL system, the experimental data was compared to predicted 
conductivity calculated from a volume fraction dependent miscible model:130 
  112 2            (2.1) 
In Equation 2.1,  is the overall conductivity of the material,  and  are the volume 
fraction and conductivity of polymer, respectively, and  and  are the volume fraction 
and conductivity of IL, respectively. In this model, the overall conductivity is solely a 
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function of the IL volume fraction. The difference between the measured conductivity 
and the predicted values at the low and medium IL concentrations further supports that 
ion transport is not solely function of IL volume fraction and other factors, such as 
polymer chain dynamics. Also, the high IL content region approaches the predicted 
conductivity, suggesting that the polymer no longer plays a significant role in ion 
transport as the ionic conductivity approaches that of the bulk IL. It should be noted that 
while it is possible to prepare films at high IL contents, the films begin to lose 
mechanical integrity at these IL contents and it is difficult to produce free-standing films 
above 60 wt% IL.  
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Figure 2.12. Through-plane room temperature ion conductivity of miscible PVA/EMIm-
DCA films as a function of IL content. Dashed line corresponds to predicted conductivity 
from a miscible model (eq 1). Solid lines indicate trend lines for three different 
composition ranges. Dotted arrow indicates the IL composition that has a glass transition 
temperature similar to the temperature of the experiment. 
 
 
 
Figure 2.13 shows the through-plane room temperature ionic conductivity of the two 
immiscible PVA/IL films: PVA/BMPy-TFSI and PVA/BMIm-CF3SO3. In contrast to the 
miscible system, conductivity does not change with increasing IL content. This suggests 
that polymer/IL compatibility has a significant effect on ion transport. 
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Figure 2.13 Through-plane room temperature conductivity of immiscible PVA/IL 
mixture films PVA/BMPy-TFSI ( ) and PVA/BMIm-CF3SO3 ( ). 
 
 
 
Figure 2.14 shows the in-plane ion conductivities for the miscible PVA/EMIm-DCA films 
as a function of temperature. Similar to Figure 2.12, the absolute conductivity increases 
with increasing IL content at a fixed temperature. Figure 2.14 also shows a regression of 
the conductivity-temperature data to the Arrhenius equation,  = 0 exp (Ea/RT) (Figure 
2.14a), and the Vogel-Tamman-Fulcher (VTF) equation,  = 0 exp [B/(T-T0)] (Figure 
2.14b), where Ea (kJ/mol) is the activation energy and T0 (K) is the Vogel temperature. T0 
is sometimes referred to as the equilibrium or true glass transition temperature and is the 
temperature at which polymer relaxation time becomes infinite or when the ion mobility 
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goes to zero and is typically 50 K below the measured Tg.8,131 The Arrhenius models 
accounts for the thermal hopping frequency of ions, while the VTF model accounts for the 
effect of polymer relaxation or polymer chain segmental motion on ion mobility and has 
been related to the Williams-Landel-Ferry82 (WLF) theory and Cohen and Turbull free 
volume theory.63,136 Figure 2.14 shows that the data appears to regress to both models 
sufficiently. 
 
Investigations on polymer/IL mixtures52 and organic electrolytes132 have shown 
deviations from the Arrhenius model as the experimental temperature approaches the 
glass transition temperature and regresses well to the VTF equation for data sets that 
cover a wider temperature range. In this study, the minimum temperature that 
conductivity was measured was at least 10 K above Tg. Others have suggested that when 
the experimental temperature exceeds T0 sufficiently, then the Arrhenius and VTF 
models merge.8 The convergence of the two models at temperatures sufficiently higher 
than T0 and the relatively narrower temperature range of data in this study provides a 
rationale for the adequate regression to both Arrhenius and VTF models. 
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Table 2.1 lists the activation energies and Vogel temperatures from the Arrhenius and 
VTF regressions, respectively. As expected, the activation energy decreases with 
increasing IL content. The Vogel temperature ranges from 43-61 K below Tg except for 
the 61 wt% IL film, which shows a Vogel temperature that is 112 K below Tg. This 
suggests that at sufficiently higher IL contents, ion transport becomes less affected by the 
polymer and corroborates with earlier findings (Figure 2.12). 
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Figure 2.14. In-plane ion conductivity of miscible PVA/EMIm-DCA films as a function 
of temperature and IL content at 10% RH: (a) regression to Arrhenius equation; (b) 
regression to VTF equation. 
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Table 2.1. Activation energies (Arrhenius), Vogel temperatures (VTF), and measured 
glass transition temperatures of miscible PVA/EMIm-DCA films at various IL contents. 
IL Content 
(wt %) 
Tg 
(K) 
EA 
(kJ/mol) 
Tg-T0 
(K) 
11 320 74 43 
16 304 51 53 
21 293 52 54 
30 274 32 54 
40 255 26 61 
50 239 18 54 
60 223 20 112 
 
 
 
Figure 2.15 compares the conductivity of PVA/IL films with Nafion and Nafion/IL films. 
The data shown in the open squares are typical of Nafion 117 conductivities measured at 
10% relative humidity. Due to the reliance on water for solvation of sulfonic acid, Nafion 
exhibits a conductivity that is two orders of magnitude lower than its conductivity when it 
is fully hydrated. Additionally, a hysteresis observed: the conductivity measured on the 
up-scan is higher than the conductivity measured on the down-scan. This is related to 
water that is lost at the higher temperatures and is not easily recovered under dry 
conditions during the time scale of the experiment (i.e., water plasticizes the membrane). 
For the Nafion/IL system, negligible hysteresis is observed because the IL replaces water 
to act as the plasticizer and conduct at high temperatures and low humidity. It is notable 
that the PVA/IL membranes exceeds the conductivity of Nafion at high IL content.  
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Figure 2.15. In-plane ion conductivity of polymer/IL films as a function of temperature at 
10% RH: PVA/EMIm-DCA (61 wt% IL) ( ), PVA/EMIm-DCA (16.2 wt% IL) ( ), 
Nafion 117 ( ), Nafion/BMIm-CF3SO3 (14.2 wt% IL) ( ). 
 
 
 
2.3.5. Mechanical Properties 
Figure 2.12 shows that increasing the IL content in the miscible PVA/EMIm-DCA films 
results in a significant reduction in the glass transition temperature, which was 
accompanied by a significant gain in ion conductivity. Therefore, it is expected that this 
would also be accompanied by losses in mechanical strength.  
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Table 2.2 lists the mechanical properties of the PVA/IL films at various IL contents as 
measured by tensile testing. As expected, for the miscible PVA/EMIm-DCA films, 
increasing IL content resulted in decreasing modulus and tensile strength while 
increasing elongation at break. This result quantifies the effect of IL acting as a 
plasticizer in PVA. Interestingly, from 10 to 20 wt% IL in the PVA/EMIm-DCA films, 
the modulus decreases by an order of magnitude. This significant change coincides with 
the two orders of magnitude increase in ion conductivity at the glass-rubber transition 
(Figure 2.12). Less significant changes in mechanical properties were observed with the 
immiscible PVA/BMIm-CF3SO3 and PVA/BMPy-TFSI films. 
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Table 2.2. Tensile test results for PVA/IL films at various IL contents 
IL content 
(wt%) 
Tensile Strength at 
Yield (MPa) 
Modulus            
(MPa) 
Elongation at 
Break (mm/mm) 
PVA/EMIm-DCA 
0 122.4 1763.2 2.55 
5 78.8 795.7 3.87 
10 96.9 1021.8 3.92 
15 50.1 598.1 6.55 
20 16.1 112.9 8.37 
25 17.8 87.3 9.18 
50 5.0 13.6 14.00 
PVA/BMIm-CF3SO3 
10 140.9 2197.0 0.41 
25 91.0 1676.0 4.15 
50 54.3 1000.0 1.61 
PVA/BMPy-TFSI 
10 56.5 965.6 NA 
25 56.4 788.2 0.13 
50 34.6 690.9 0.23 
 
 
 
Figure 2.16 shows the relationship between ion conductivity and modulus for the 
miscible PVA/EMIm-DCA films. Similar to other polyelectrolyte systems, there is a 
trade-off, where modulus decreases with increasing ion conductivity.133 
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Figure 2.16. Room temperature through-plane ion conductivity versus modulus for 
miscible PVA/EMIm-DCA films at various IL contents. IL contents indicated in 
parentheses. 
 
 
 
2.4. Conclusions 
This work demonstrates the preparation of highly conductive polymer ionic liquid 
mixture films with a maximum conductivity of 0.068 S/cm at 120°C and 10% RH. This 
corresponds to a conductivity that is two orders of magnitude higher than Nafion under 
similar conditions. Compatibility of polymer/IL mixtures determined using visual 
inspection, SEM, and DSC was found to have an impact on the quality and transport 
properties of the films. Immiscible PVA/IL mixtures resulted in poor films with poor 
transport and mechanical properties, while miscible polymer/IL mixtures yielded highly 
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conductive, free-standing films. With increasing IL content, the conductivity improved 
by seven orders of magnitude. This improvement is strongly related to the glass transition 
temperature of the miscible mixture. The glass transition temperature of PVA/EMIm-
DCA was depressed with increasing IL content as predicted by the Fox’s equation and a 
similar decrease in the Arrhenius activation energies was observed, relating to reduced 
resistance to ion transport due to increased polymer free volume and increased polymer 
segmental motion. Additionally, the room temperature conductivity mixture increased by 
two orders of magnitude at the PVA/EMIm-DCA composition, which undergoes glass to 
rubber transition under ambient conditions. Glass transition temperature is also important 
for the mechanical properties and the modulus of PVA/EMIm-DCA was found to 
decrease with increasing IL content. This trade-off between transport and mechanical 
properties motivates the introduction of second high glass transition temperature phase 
that can improve the strength of the film, while maintaining the high conductivity. 
 
 
 
 
 
 
 
 
Chapter 3.  Polymerized Ionic Liquid/Ionic Liquid Films 
 
 60
3.1. Introduction 
Polymerized ionic liquids differ from the polymer/IL electrolytes presented in chapter 2 
in that one ion is restricted in mobility since it is tethered to the backbone via covalent 
bonding. There are no publications on ion transport in polymerized ionic liquids/bulk 
ionic liquids mixtures. In this study, the conductivity, thermal properties and morphology 
of polymerized ionic liquid/ionic liquid mixtures were characterized to probe the 
influence of polymer architecture, molecular weight, chemistry of ionic liquid moiety, 
and glass transition. Previous investigations on polymer/ionic liquid mixtures have shown 
that miscibility is important for producing homogenous mixtures that cast into good films 
(see Chapter 2). Taking advantage of ionic liquids with similar chemistries to that of the 
polymerized ionic liquids ensures good miscibility and film properties. Ionic liquid has 
been reported to plasticize polymers, suggesting that increasing the ionic liquid content in 
polymerized ionic liquid/ionic liquid mixtures results in increasing ion content and 
decreasing glass transition temperature. It will be useful to distinguish between these two 
factors. The effect of ion content and glass transition temperature on conductivity was 
studied by preparing mixtures of polymerized ionic liquid and ionic liquids at various 
compositions. Electrochemical impedance spectroscopy was used to determine the 
conductivity of the prepared films. The EIS experiments performed as a function of 
temperature can be regressed to different conductivity models to understand the transport 
mechanisms.  
 
3.2. Experimental 
3.2.1. Materials 
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1-ethyl-3-methyl imidazolium dicyanamide (EMIm-TFSI) (mol. wt. = 390.30, 99% 
purity), 1-ethyl-3-methyl-imidazolium tetrafluoroborate (EMIm-BF4) (mol. wt. = 196.96; 
99% purity), and 1-butyl-3-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide 
(BMPy-TFSI) (mol. wt. = 324.12; 99% purity) were purchased from io-li-tec and used as 
received. Sodium tetrafluoroborate (NaBF4, 98%, Aldrich), lithium 
bis(trifluoromethanesulfonyl) imide (LiTFSI, 97%, Aldrich) and acetonitrile (anhydrous, 
99.8%, Aldrich) were used as received from Aldrich. Ultrapure deionized, reverse 
osmosis (RO) water (resistivity ~ 16 MΩ cm) was used as appropriate. 
 
3.2.2. Synthesis of poly(1-[2-(methacryloyloxy)ethyl]-3-butylimidazolium bromide) 
(poly(MEBIm-Br)) 
The imidazolium-containing polymerized ionic liquid (PIL) (poly(MEBIm-Br)) was 
synthesized by conventional free radical polymerization. Experimental details have been 
published elsewhere.63 
 
3.2.3. Anion Exchange Reactions 
The anion exchange reactions for polymerized ionic liquids were performed in water 
medium. A general procedure for the preparation of PILs by anion exchange with 
poly(MEBIm-Br) is given as follows: 3.16 g NaBF4 dissolved in 10 ml DI water, and 
then was added drop-wise into a 1.01 g poly(MEBIm-Br) aqueous solution (BF4/Br = 9/1, 
mol). The resulting water-insoluble polymer, poly(MEBIm-BF4), precipitated out of the 
water phase immediately. The reaction mixture was stirred for 48 h, followed by washing 
in a DI water bath for 72 h. Silver nitrate test showed that Br anion was present in the 
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aqueous phase right after the exchange reaction, but there was no AgBr precipitation 
after washing with DI water. The resulting anion exchanged PIL was dried in vacuum 
oven for 24 hrs at 50°C. This technique enabled the study of polymerized ionic liquids 
with the 3 different anions shown in Figure 3.1. Elemental analysis (Atlantic Microlab, 
Inc.) for poly(MEBIm-Br): C, 46.8; H, 6.8; O, 14.3; N, 8.26; Br, 23.7; poly(MEBIm-
BF4): C, 47.6; H, 6.4; N, 8.4; F, 23.7; poly(MEBIm-TFSI): C, 35.1; H, 3.9; N, 7.9; Br, 0; 
F, 22.2; S, 12.5 confirming that 100% anion exchange was achieved. 
 
 
 
Figure 3.1. Chemical structure of (a) polymerized ionic liquid, poly (1-[2-
(methacryloyloxy)ethyl]-3-butylimidazolium-X) , where X refers to the accompanying 
anions shown in the insert in the upper right hand corner: top to bottom: 
bis(trifluoromethylsulfonyl)imide (TFSI), tetraflouroborate (BF4) and bromide (Br-). (b) 
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Ionic liquids: cations: EMIm+:1-ethyl-3-methylimidazolium, BMPy+: butyl-methyl-
pyrrolidinium; anions: TFSI: bis(trifluoromotheylsulfonyl)imide, BF4-: tetrafluoroborate 
 
 
 
3.2.4. Film Preparation 
5% (w/v) polymer solution (acetonitrile) was mixed with known amounts of ionic liquid 
and allowed to stir overnight to ensure good mixing. The polymer/ionic liquid mixtures 
were then cast onto a Teflon petri dish (i.d. 2 ¾ in.) under room conditions. Residual 
solvent was then removed by placing the samples in a vacuum oven for 7 days at 50 °C. 
Resulting films (thicknesses in the range of 100-400 μm) were then stored in a dessicator. 
 
Due to the low glass transition temperature of the mixtures, the materials were very tacky 
and obtaining good free-standing films for the conductivity experiments was a challenge. 
A new procedure based on heat pressing was developed to prepare conductivity samples 
for materials with very low Tg. Samples were heat pressed at 250°F (120°C). This 
temperature was applied in a heat press with no pressure for one minute and then 3500 
psi was applied for five minutes. Using this method, uniform PIL/IL films were prepared 
at various IL contents.  
 
3.2.5. Ionic Conductivity 
The ionic conductivity of each film was measured both through-plane and in-plane with 
electrochemical impedance spectroscopy (EIS). Film resistance was measured at 100 mV 
over a range of AC frequencies (100Hz to 1 MHz) using a Solartron impedance system 
(1260 impedance analyzer, 1287 electrochemical interface, Zplot software). Conductivity 
experiments were done as a function of temperature at a fixed relative humidity (10% 
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RH) by placing a four-electrode cell in the environmental chamber. Additional 
mechanical support for materials with low glass transition temperature was provided 
using a 1 mil PTFE film as a backing. 
 
3.2.6. Differential Scanning Calorimetry (DSC) 
Thermal transitions were measured using TA Q2000 differential scanning calorimeter 
(DSC). Stacked samples weighing ~5-10 mg were sealed in Tzero aluminum pans and 
heated to 150°C at 10°C/min, held at 150°C for 1 min, cooled to -150°C rapidly, held at -
150°C for 10 min, and then heated again to 150°C at 10°C/min under a nitrogen 
atmosphere. Glass transition temperatures were measured from the second heating cycle 
using the mid-point method. 
 
3.2.7. X-ray Scattering 
X-ray scattering was performed with the multi-angle X-ray scattering system (MAXS) at 
the University of Pennsylvania by David Salas-de la Cruz. The MAXS system generates 
Cu K X-ray from a Nonius FR 591 rotating-anode operated at 40 KV and 85 mA. The 
bright, highly collimated beam was obtained via Osmic Max-Flux optics and pinhole 
collimation in an integral vacuum system. The scattering data were collected using a 
Brukers Hi Star two-dimensional detector with a sample to detector distance of 11, 54, 
and 150 cm. Patterns were collected for 30 min at a sample to detector distance of 11 cm 
and 60 minutes for the remaining two distances. Using Datasqueeze software134 the 2-D 
scattering patterns were azimuthally integrated to yield intensity versus scattering angle, 
intensity corrected for primary beam intensity, and background scattering was subtracted 
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but not corrected for sample density. The intensity reported is not the absolute intensity 
and, thus is reported in arbitrary units (a.u.).  
 
3.3. Results 
3.3.1. PIL and PIL/IL Film Properties 
Imidazolium-based polymerized ionic liquids were synthesized in hydrophilic bromide 
form. After repeated rinsing and extensive drying, poly(MEBIm-Br) yields a white solid 
that is very hygroscopic. Poly(MEBIm-Br) was anion exchanged to poly(MEBIm-BF4) 
and poly(MEBIm-TFSI) by exposing the polymer to a 9:1 salt solution with the 
appropriate salt. Poly(MEBIm-Br) and the salts used were soluble in aqueous phase while 
poly(MEBIm-BF4) and poly(MEBIm-TFSI) were insoluble, so that the polymer 
precipitates after successful exchange. After a similar rinsing and drying procedure, the 
anion exchanged polymers yielded white solids that were noticeably less sensitive to 
water from ambient humidity. Mixtures consisting of poly(MEBIm-BF4) and 
poly(MEBIm-TFSI) with various ionic liquids were prepared over a range of 
compositions, producing clear films 
 
3.3.2. Thermal Properties of PIL/IL Films 
Figure 3.2 shows the glass transition temperatures of PIL/IL films measured by DSC. The 
DSC thermograms of the pure ionic liquids revealed three different thermal transitions: 
crystallization, melting, and the glass transition. These results were consistent with work 
reported elsewhere.129 Over the temperature range of -150 to 150°C, a single glass 
transition was observed for all PIL/IL mixtures, suggesting an amorphous structure. With 
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increasing IL mole fraction, the glass transition temperature of the mixture depresses in 
close agreement with Fox’s equation (Equation 3.1). In chapter 2, such behavior was 
found to be indicative of good miscibility and a similar conclusion might be assumed for 
these PIL/IL mixtures.  
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Figure 3.2. Glass transition temperature as a function of IL mole fraction for (a) 
poly(MEBIm-BF4)/EMIm-BF4( ), poly(MEBIm-BF4)/EMIm-TFSI( ), (b) poly(MEBIm-
TFSI)/BMPy-TFSI( ) and poly(MEBIm-TFSI)/EMIm-TFSI mixtures.( ) Fox’s equation 
is indicated by solid lines. 
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         (3.1) 
 
3.3.3. Ionic Conductivity 
Figure 3.3 shows the through-plane conductivity of poly(MEBIm-BF4)/EMIm-X 
(X=TFSI or BF4) (Figure 3.3a) and poly(MEBIm-TFSI)/A-TFSI (A=BMPy or EMIm) 
(Figure 3.3b) mixture films as function of IL mole fraction measured at room 
temperature. In all PIL/IL mixtures, conductivity increases with increasing IL content. 
The miscible model assumes that the conductivity of the mixture is a linear volume 
additivity of the two components (described in Chapter 2). The difference between the 
measured conductivity and the miscible model-predicted conductivity suggests that IL 
content is not the only factor that affects conductivity.  
1
Tg
 w1
Tg,1
 w2
Tg, 2
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Figure 3.3. Through-plane conductivity of (a) poly(MEBIm-BF4)/EMIm-BF4( ), 
poly(MEBIm-BF4)/EMIm-TFSI( ), (b) poly(MEBIm-TFSI)/BMPy-TFSI( ) and 
poly(MEBIm-TFSI)/EMIm-TFSI( ) mixtures as a function of ionic liquid mole fractions 
measured at room temperature. Dashed lines indicate the miscible model predictions, 
while bold lines indicate trend lines for each set of data. 
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Figure 3.4 shows the temperature dependence of poly(MEBIm-BF4)/IL mixtures 
between 30 and 150°C at 10% relative humidity. The data was regressed to the Arrhenius 
and Vogel-Tamann-Fulcher (VTF) equations. The Arrhenius model predicts the 
relationship between the log of conductivity and inverse temperature to be perfectly 
linear. In Figure 3.4a, the dashed line represents a regression to the Arrhenius equation 
for the poly(MEBIm-BF4)/EMIm-BF4 with 47.8 mol% IL. However, the Arrhenius 
model does not regress well to the conductivity data for samples at all other IL contents 
(regressions not shown for clarity). Adequate regressions to the VTF equation are shown 
for all samples.  Figure 3.5 shows the conductivity for poly (MEBIm-TFSI)/IL mixtures 
collected at 10% RH between 30 and 150°C with regressions to the VTF equation.  
 
Table 3.1 lists the Vogel temperatures from the VTF regressions and ion concentrations 
for each PIL/IL mixture. The ion concentration was calculated by assuming that the 
polymerized ionic liquid provides 1 mole of ions per mole of polymer repeat unit, while 
the bulk ionic liquid provides 2 moles per mole of ionic liquid. The difference between 
the glass transition temperature and Vogel temperature (Tg-T0), range from 54-71 K for 
PIL/IL mixtures over the IL content range studied. This suggests that polymer dynamics 
impacts ion transport in PIL/IL mixtures.  
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Figure 3.4. In-plane ion conductivity of poly(MEBIm-BF4)/IL films: (a) IL = EMIm-BF4, 
(b) = EMIm-TFSI. IL content (mol%) is indicated in the figure. Solid lines show 
regressions to the VTF model. A representative regression to the Arrhenius equation is 
shown using a dashed line in (a).  
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Figure 3.5. In-plane ion conductivity of poly(MEBIm-TFSI)/IL films: (a) IL = BMPy-
TFSI, (b) = EMIm-TFSI. IL content (mol%) is indicated in the figure. Solid lines show 
regressions to the VTF model.  
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Table 3.1. Vogel temperatures (VTF) for poly(MEBIm)-X/Ionic liquid mixtures 
IL Content 
(mol%) 
Ion Content  
(mol ion/mol electrolyte) 
Tg (K) Tg-T0 
(K) 
Poly(MEBIm-BF4)/EMIm-BF4 
0 1.00 355 55 
34.7 1.35 299 63 
41.6 1.42 288 54 
47.8 1.48 274 54 
Poly(MEBIm-BF4)/EMIm-TFSI 
21.3 1.21 293 69 
31.7 1.32 274 71 
Poly(MEBIm-TFSI)/BMPy-TFSI 
0 1.00 293 54 
15.1 1.15 278 63 
28.5 1.29 264 63 
Poly (MEBIm-TFSI)/EMIm-TFSI 
12.8 1.13 276 71 
24.9 1.25 264 65 
 
 
 
Distinguishing the effect of glass transition from ion content on ion transport is still of 
great interest. Hong and coworkers63 reported ion conductivity and glass transition 
temperatures of the random copolymer of poly(MEBIm-BF4) and HMA and found that 
with increasing HMA content (a non conductive polymer), conductivity increased due to 
the plasticizing effect of HMA, despite the decrease in ion content, highlighting the 
importance of glass transition temperature. In order to understand the effect of ion 
content, the conductivity of the random copolymer was compared with similar chemistry 
neutral homopolymer/IL and PIL/IL mixtures. The ion percent was determined as the 
number of moles of ions per mole of electrolyte, assuming that every mole of 
polymerized ionic liquid provides one mole of free ions and every mole of bulk ionic 
liquid contributes two moles of free ions. To account for the effect of glass transition 
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temperature, data for materials at a fixed glass transition temperature of ~300 K 
(Figure 3.6) and ~280 K (Figure 3.7) were compared.  
 
In Figure 3.6, poly(HMA-co-MEBIm-BF4) and poly(MEBIm-TFSI) are in close 
agreement, demonstrating that the two imidazolium-based PILs have similar 
conductivities despite differing ion percents and anion type. This result suggests that the 
glass transition is the main factor that affects for ion transport in PILs and PIL 
copolymers. Figure 3.6 also shows that the conductivity PIL/IL and homopolymer/IL 
mixtures are similar, with the homopolymer mixture showing a slightly higher 
conductivity despite lower overall ion content and a slightly higher Tg. The impact of 
having bulk IL can be seen by comparing the two systems that have bulk IL: 
poly(MEBIm-BF4)/EMIm-BF4 and PMMA/EMIm-TFSI with the two films in Figure 3.6 
that lack bulk ionic liquid: poly(HMA-co-MEBIm-BF4) and poly(MEBIm-TFSI). From 
Figure 3.6, the samples with bulk ionic liquid exhibited conductivities that were 
approximately one order of magnitude higher. 
 
Figure 3.7 shows a similar comparison for samples that all have a glass transition at ~280 
K. Similar to Figure 3.6, the conductivity of the PIL/IL mixtures are significantly higher 
than the PIL. The PIL/IL are similar regardless of ion content, where in the poly(MEBIm-
TFSI)/IL mixtures at similar Tg and ion content there is a slight difference between the 
sample with IL EMIm-TFSI compared to BMPy-TFSI. 
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Figure 3.6. In-plane conductivity measured as a function of temperature at 10% RH for 
films with glass transition temperatures close to 300 K: poly(HMA-co-MEBIm-BF4 (61.7 
mol%) ( ), poly(MEBIm-TFSI) (100 mol%) ( ), poly(MMA)/EMIm-TFSI (14.3 mol%) 
( ) Glass transition temperatures and mol % of ions indicated in the parentheses. 
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Figure 3.7. In-plane conductivity measured as a function of temperature at 10% RH for 
films with glass transition temperatures close to 280 K: poly(HMA-co-MEBIm-BF4 (67.5 
mol%) ( ), poly(MEBIm-TFSI)/BMPy-TFSI (15.1 mol%) ( ), poly(MMA)/EMIm-TFSI 
(20.1 mol%) ( ), and poly(MEBIm-TFSI)/EMIm-TFSI (12.8 mol%) ( ). Glass transition 
temperatures and mol % of ions indicated in the parentheses. 
 
 
 
Figure 3.8 compares the conductivity of homopolymer/IL mixtures to PIL and PIL/IL 
mixtures as a function of Tg/T. In Figure 3.8a, all the data appears to collapse onto a 
master trend region suggesting that the glass transition is the primary factor that affects 
ion transport. However, if the conductivity is normalized by ion concentration (reduced 
conductivity, σr), the homopolymer/IL mixtures separate from the other systems (Figure 
3.8b). The incorporation of IL into PIL improves conductivity by increasing the ion 
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content, but despite of this, the uncharged polymer/IL mixtures actually has the highest 
conductivities after ion content and glass transition temperature have both been taken into 
account. This might indicate that transport through a PIL matrix is more hindered and 
could be related to the strong ion-ion interactions due to the presence of a tethered charge 
in the PIL.  
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Figure 3.8. Master curve for transport in ionic liquid based polymer electrolytes: PIL ( ), 
PIL/IL ( ), and neutral polymer/IL mixtures ( ). Solid lines indicate trend lines; (b) σr 
represents reduced conductivity or conductivity/ion concentration. 
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3.3.4. Morphology 
To study the morphology of the PIL/IL mixtures, X-ray scattering measurements were 
performed on the polymer films at room temperature. Figure 3.9 and Figure 3.10 shows 
the X-ray scattering data for polymerized ionic liquids. Based on these results, the d-
spacing that is related to the backbone to backbone spacing is shown in Figure 3.11, 
calculated using Bragg’s law (db =2π/qb). It is observed that the backbone-to-backbone 
distance increases linearly as a function of IL content and can be rationalized on the basis 
changing polymer volume. Increasing IL content is shown to result in decreasing Tg 
(Figure 3.2) and results in increasing free volume.  
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Figure 3.9. X-ray scattering results for poly(MEBIm-BF4)/IL films. 
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Figure 3.10. X-ray scattering results for poly(MEBIm-TFSI)/IL films. 
 
 82
 
Figure 3.11. Backbone to backbone spacing for poly(MEBIm-BF4)/EMIm-TFSI ( ) and 
poly(MEBIm-TFSI)/EMIm-TFSI mixtures( ) as a function of EMIm-TFSI content. 
Dashed line are trend lines that help guide the eye. 
 
 
 
3.4. Conclusions 
In this study, mixtures of polymerized ionic liquids (PILs) and bulk ionic liquids (IL) 
were prepared. Differential scanning calorimetry indicated that of the three thermal 
transitions observed in bulk ionic liquids, only the glass transition was observed in the 
mixtures and this glass transition temperature depresses with IL composition following 
the predicted Fox’s equation, suggesting miscible amorphous films. Conductivity 
increased with increasing IL content coinciding with decreasing glass transition 
temperature. Conductivity-temperature data regressed poorly to the Arrhenius model but 
regressed well to the VTF equation. Comparing electrolytes with similar Tg reveals that 
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poly(MEBIm-TFSI) and poly(HMA-co-MEBIM-BF4) have similar conductivity. This 
result demonstrates the significant impact of Tg for samples with vastly different ion 
contents. The presence of bulk IL in PIL/IL mixtures was found to improve transport 
compared to the PIL. Uncharged polymer/IL mixtures had better transport properties than 
PIL/IL mixtures when normalizing for glass transition temperature and ion concentration, 
suggesting that the presence of a tethered charge results in greater resistance to ion 
transport.  This study demonstrated the effect of Tg, ion concentration, and presence of 
bulk ionic liquid and tethered charge on transport in polymerized ionic liquids. 
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Chapter 4. Block Copolymer/Ionic Liquid Mixtures 
 
4.1. Introduction 
Block copolymers have been successfully used to prepare polymer/IL mixtures with 
different morphologies.68-72,111-120 Virgili et al.72 reported a range of morphologies that 
included ordered micelles, disordered micelles, non-periodic phases, lamellae and 
hexagonally packed cylinders in poly(styrene)-block-poly(2-vinylpyridine), while 
Simone and Lodge71 observed lamellae and hexagonally packed cylinders in 
poly(styrene)-block-poly(ethylene oxide)/IL mixtures. There have been fewer reports on 
the conductivity of such films,69,71 and the effect of morphology on ion transport is not 
well understood. In this chapter, we discuss the solid-state properties of block 
copolymer/IL mixtures and their potential impact on solid-state energy devices. We chose 
to study mixtures consisting of the IL 1-ethyl-3-methylimidazolium 
bis(triflouromethylsulfonyl)imide (EMIm-TFSI) and the diblock copolymer 
poly(styrene)-block-poly(methyl methacrylate) (SbMMA). Susan et al.52 reported EMIm-
TFSI was miscible with PMMA, but immiscible with PS. This suggests that the IL would 
be selective towards the PMMA phase, so that SbMMA/IL should phase segregate into 
two distinct microdomain phases of PMMA/IL and PS. With increasing IL content, the 
volume fraction of the MMA/IL microphase will increase and should result in samples 
with different morphologies. In this study, IL compositions that yielded free-standing 
films were characterized for their morphology, thermal properties and ion conductivity. 
This chapter illustrates the significant impact both morphology type and orientation can 
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have on ionic conductivity. Additionally, the significantly higher ionic conductivity 
that can be achieved in this system compared to its homopolymer counterpart is 
highlighted. 
 
4.2. Experimental 
4.2.1. Materials 
1-ethyl-3-methyl imidazolium bis (trifluoromethylsulfonyl)imide (EMIm-TFSI) (mol. wt. 
= 394.36 g/mol; 99 % purity) was purchased from Io-li-tec and used as received. 
Poly(methylmethacrylate) (PMMA) and poly(styrene) (PS) were both purchased from 
Scientific Polymer Products with the reported molecular weights of 75,000 g/mol and 
210,000 g/mol, respectively. PS was used as received, while PMMA was placed in a 
vacuum oven for 2 days at 110°C prior to use. Diblock copolymer, poly(stryrene)-block-
poly(methyl methacrylate) (SbMMA) (Mn (S) = 33,000 g/mol; Mn (SbMMA) = 39,000 
g/mol; PDI (S) = 1.06; PDI (SbMMA) = 1.09) was purchased from Polymer Source and 
used as received. A mass fraction of 0.555 of MMA in the block copolymer was 
calculated using integrated 1H NMR signals of the neat block copolymer. N-N-
dimethylacetamide (DMAc) (99.8 %) and toluene (99.5 %) were both purchased from 
Aldrich and were used as received. 
 
4.2.2. Film Preparation 
Each polymer was dissolved in DMAc or toluene at 5 % (w/v). After stirring for ~12 hrs, 
a specified amount of EMIm-TFSI was added to the solutions and allowed to stir for an 
additional ~2 hrs to form a homogeneous, clear solution. The polymer/ionic liquid 
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mixture was then cast into a Teflon Petri dish under nitrogen atmosphere for ~2 days. 
This casting procedure occurred at 50°C for solutions with DMAc and at room 
temperature for solutions with toluene. Resulting films were annealed with one of two 
annealing procedures: ~2 days at 110°C under vacuum followed by a natural cooling to 
room temperature or ~7 days at 110°C under vacuum followed by a rapid quench in 
liquid nitrogen. After annealing, all films (thicknesses in the range of 200 - 300 μm) were 
stored in a desiccator to minimize any uptake of atmospheric moisture and extreme care 
was taken to ensure that samples were not exposed to the environment prior to each 
experiment. 
 
4.2.3. Differential Scanning Calorimetry 
Thermal transitions were measured using TA Q2000 differential scanning calorimeter 
(DSC). Stacked samples weighing ~5-10 mg were sealed in Tzero aluminum pans and 
heated to 150°C at 10°C/min, held at 150°C for 1 min, cooled to 110°C rapidly, held at 
110°C for 10 min, cooled to -150°C rapidly, held at -150°C for 10 min, and then heated 
again to 150°C at 10°C/min under a nitrogen atmosphere. Glass transition temperatures 
were measured from the second heating cycle using the mid-point method. 
 
4.2.4. Morphology 
Morphology studies presented here were performed by Jae-Hong Choi and David Salas-
de la Cruz of Professor Karen I. Winey’s group at University of Pennsylvania. X-ray 
scattering was performed on the films along two directions (through-plane and in-plane) 
with a small-angle X-ray scattering (SAXS) system, which generates Cu X-ray from a 
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Nonius FR 591 rotating-anode generator operated at 40 kV and 85 mA. The bright, 
highly collimated beam was obtained via Osmic Max-Flux optics and pinhole collimation 
in an integral vacuum system. The scattering data were collected using a Brukers Hi Star 
two-dimensional detector with a sample to detector distance of 150 cm. Using 
Datasqueeze software,134 azimuthal angle (0-360 °) integration was used to convert 2-D 
through-plane patterns to 1-D data, intensity was corrected for primary beam intensity, 
and the corrected scattering from an empty cell was subtracted. The lattice types and 
lattice parameters of the samples were determined from X-ray scattering data. All the 
observed peaks were included in calculating the lattice parameter by a linear regression 
method using the experimental interplanar spacings and the assigned Miller indices.135,136 
Morphology was also imaged using a JEM 1400 transmission electron microscope 
(TEM) operating at 120 kV, where images were recorded on an ORIUSTM TEM CCD 
camera. Each sample was sectioned at room temperature using a Reichert-Jung 
ultramicrotome with a diamond knife to a nominal thickness of 30-50 nm. The contrast 
between the PS and PMMA domains was enhanced by RuO4 staining. 
 
4.2.5. Ionic Conductivity 
The ionic conductivity of each film was measured both through-plane and in-plane with 
electrochemical impedance spectroscopy (EIS). Film resistance was measured at 10 mV 
over a range of AC frequencies (100 Hz to 1 MHz) using a Solartron impedance system 
(1260 impedance analyzer, 1287 electrochemical interface, Zplot software). The through-
plane experiment was performed under room conditions while the in-plane experiments 
were performed inside an environmental chamber. Using the environmental chamber to 
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control temperature and humidity, the conductivity of the materials was measured 
between 30 and 150°C at 10% relative humidity. More details regarding conductivity 
apparatus and analysis of the EIS data can be found in Chapter 2.  
 
Anisotropic conductivity measured with EIS has been discussed for a range of materials 
that include liquid crystals,137 track etched membranes,138 and layer by layer assembled 
polymer-clay nanocomposites.139 The track etched membranes comprised of 
poly(ethylene-co-tetrafluoroethylene) films with sulfonated poly(styrene) pores and 
exhibited anisotropy of three times higher ( up to 0.1 S/cm) in the thickness direction.138 
Micron-sized liquid crystal thin films of poly(ethylene oxide)-block-
poly(methylmethacrylate) block copolymer doped with LiTFSI exhibited a two order of 
magnitude anisotropic conductivity (up to 5 x 10-6 S/cm.)137  
 
4.3. Results 
4.3.1. Film Properties 
Optical images of several solution-cast polymer/IL mixture films are shown in Figure 4.1. 
Both the homopolymer PMMA (Figure 4.1b) and block copolymer SbMMA (Figure 4.1c, 
Figure 4.1d) produced transparent films, while the homopolymer PS (Figure 4.1a) 
produced an opaque film when cast with ionic liquid. These results suggest that the IL 
EMIm-TFSI is preferentially compatible with PMMA over PS in the block copolymer. 
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Figure 4.1. Optical images of polymers with 40 wt% IL, where the polymers are (a) PS, 
(b) PMMA, and (c, d) SbMMA. (a), (b), and (c) were solution cast from DMAc and 
annealed for 2 days at 110°C. (d) was solution cast from toluene and annealed for 7 days 
at 110°C. 
 
 
 
Figure 4.2 shows the glass transition temperatures of the polymer/IL films measured by 
DSC. Although samples were prepared on a mass basis, all of the graphs in Figure 4.2 
were plotted on a mole ratio basis to allow for a direct comparison of the MMA phase in 
both homopolymer and block copolymer films. DSC results of pure EMIm-TFSI showed 
three different thermal transitions: a glass transition at 180 K, a crystallization at 215 K, 
and a melting at 254 K. These results compare well with Noda et al.129 For the PS/IL 
system, all of these transitions were observed in addition to the glass transition of PS 
(~373 K). Figure 4.2a shows the measured glass transition temperatures for the IL and PS 
in the PS/IL films, where there is no significant change in either glass transition with 
increasing IL content. In contrast, the PMMA/IL system exhibits one glass transition at 
all IL contents (Figure 4.2b). This single glass transition decreases with increasing IL 
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from the pure PMMA Tg and approaches that of the pure IL glass transition 
temperature at high IL contents. A noticeable plasticization effect was observed, where 
transparent PMMA films were brittle and became increasingly more flexible at higher IL 
contents. Figure 4.2c shows two measured glass transitions for the block copolymer/IL 
films for both casting solvent used. Similar to the PMMA/IL films, there is a single glass 
transition for the MMA/IL microdomain, which decreases with increasing IL content, 
while there is also a second glass transition for the S, which does not change with 
increasing IL content. The two measured glass transitions of the pure SbMMA were 
expected and are indicative of classical block copolymer microphase separation. The 
presence of two glass transition temperatures at all IL contents and the depression of the 
MMA/IL microdomain glass transition temperature with increasing IL further supports a 
preferential compatibility of the IL and the MMA block. The glass transition 
temperatures of the MMA phase in both the homopolymer (Figure 4.2b) and block 
copolymer (Figure 4.2c) are comparable at all IL to MMA mole ratios. This suggests that 
the MMA/IL phase is similar in both homopolymer and block copolymer. These thermal 
property results, in conjunction with the physical appearance of the films (Figure 4.1), 
demonstrate that the IL preferentially segregates to the MMA block in the block 
copolymer. 
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Figure 4.2. Glass transition temperatures of (a) PS/IL (♦), (b) PMMA/IL (■), and (c) 
SbMMA/IL – cast from DMAc and annealed for 2 days at 110°C (▼) and cast from 
toluene and annealed for 7 days at 110°C (●). (a) and (b) were cast from DMAc and 
annealed for 2 days at 110°C. 
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4.3.2. Morphology 
Figure 4.3 shows the through-plane scattering results for PMMA/IL films cast from 
DMAc that were subject to a 2 day anneal at 110°C inside a vacuum oven. X-ray 
scattering shown here was collected by David Salas-de la Cruz at the University of 
Pennsylvania. Neat EMIm-TFSI has 2 peaks at 8.8 and 13.7 nm-1, while neat PMMA has 
a single peak at 9.3 nm-1. It was observed that the incorporation of ionic liquid into the 
polymer does not introduce any new peaks, which can be explained simply as a 
composite of the peaks observed in the pure components. This result suggests that the 
miscible PMMA/IL films were homogenous and did not exhibit microphase separated 
morphology. 
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Figure 4.3. X-ray scattering of PMMA/IL films solution cast from DMAc and annealed 
for 2 days at 110°C. Measurements were done under vacuum, through the plane of the 
film at room temperature. Work done by David Salas-de la Cruz at the University of 
Pennsylvania. 
 
 
 
Figure 4.4 shows the X-ray scattering data for SbMMA/IL films that were solution cast 
from toluene. The through-plane and in-plane 2-D scattering patterns for the pure 
SbMMA film (Figure 4.4a) were similarly azimuthally isotropic suggesting isotropic 
morphology. In contrast, the 2-D scattering patterns for the SbMMA/IL with 30 wt% IL 
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(Figure 4.4b) exhibited strong in-plane ordering, while the through-plane scattering 
was azimuthally isotropic. This indicates that the film has an anisotropic morphology 
with domains preferentially oriented in the plane of the film. SbMMA/IL films at all 
other IL contents also show a similar anisotropic morphology. The 2-D through-plane 
patterns were azimuthally integrated to give the 1-D scattering patterns in Figure 4.4c.  
 
The location of the scattering peaks can be predicted using the first peak as a reference if 
the morphology type is known. Agreement between experimental data and these 
predicted reflections was used to infer the morphology of the polymer film. Figure 4.4c 
shows the predicted reflections for a lamellar morphology for the 0, 10, 20, and 30 wt% 
IL samples and a cylindrical morphology for the 35 (not shown in the figure), 40, and 50 
wt% IL samples. Under equilibrium conditions, a lamellar morphology was expected for 
the pure SbMMA film with this volume fraction of MMA (0.52), as well as, a transition 
to S cylinders in a MMA/IL matrix with increasing MMA/IL volume fraction (see Table 
4.1). 
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Figure 4.4. X-ray scattering of SbMMA/IL films solution cast from toluene and annealed 
for 7 days at 110°C. Through-plane and in-plane 2-D small angle X-ray scattering 
patterns of SbMMA at (a) 0 and (b) 30 wt% IL. (c) Through-plane 1-D X-ray scattering 
intensity versus scattering vector as a function of IL content. Expected peak positions for 
lamellar (0, 10, 20, 30 wt%) and cylindrical (40, 50 wt%) morphologies are shown. The 
excess scattering in the vertical direction in the 2-D in-plane scattering arises from the 
surface reflection, because the X-ray beam is wider than the film thickness. Work done 
by Jae-Hong Choi at the University of Pennsylvania. 
 
 
 
Figure 4.5 shows the X-ray scattering results for SbMMA/IL films that were solution cast 
from DMAc. The 2-D scattering patterns in Figure 4.5a and Figure 4.5b reveal similar 
results as was observed in Figure 4.4a and Figure 4.b; isotropic morphology for SbMMA 
and anisotropic morphology for SbMMA/IL at all IL contents. Anisotropic morphologies 
were also observed for DMAc-cast SbMMA/IL films at all other IL contents. Again, the 
through-plane 2-D patterns were integrated to give the 1-D scattering patterns in Figure 
4.5c. However, unlike the toluene-cast samples, the morphologies of the DMAc-cast 
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samples are insufficiently ordered to permit identification of the morphology type, 
except at 20 and 30 wt% IL. The other compositions were characterized as non-periodic 
microphase separated. The dash markings in Figure 4c correspond to cylinders on a 
hexagonal lattice and given that the form factor scattering weakens the second order 
reflections, the 20 and 30 wt% IL films appear to have hexagonal symmetry.  
 
 
 
 
Figure 4.5. X-ray scattering of SbMMA/IL films solution cast from DMAc and annealed 
for 2 days at 110°C. Through-plane and in-plane 2-D small angle X-ray scattering 
patterns of SbMMA at (a) 0 and (b) 30 wt% IL. (c) Through-plane 1-D X-ray scattering 
intensity versus scattering vector as a function of IL content. Expected peak positions for 
cylindrical morphologies are shown. Work done by Jae-Hong Choi at the University of 
Pennsylvania. 
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The observation that casting solvent impacts final morphology even after the sample 
were subject to annealing above the glass transition temperature can be explained as an 
example of non-equilibrium morphology in the DMAc cast films. The solubility 
parameters for PS, PMMA, DMAc and toluene are listed below in Table 4.1 and can be 
used to calculate the miscibility parameter (MP) with Equation 4.1. 
MP  A B 2          (4.1) 
MP is the miscibility parameter and refers to the solubility parameters of the two 
components, where a number that approaches zero indicates good miscibility. The 
miscibility parameter of toluene with PS and PMMA is 1 and 20.25 MPa, respectively . 
This indicates that when toluene was used as the solvent, it was selective towards PS. 
During the casting procedure, toluene is able to plasticize the PS phase, while the IL 
present in the PMMA phase serves a similar function. The co-existent two rubbery phases 
during the casting procedure is likely to have resulted in a film close to equilibrium 
morphology before the annealing step. The polymer/IL film was then annealed for seven 
days in a vacuum oven at 110°C and quenched using liquid nitrogen to preserve the 
obtained morphology. The combination of a solvent that is selective towards PS, a long 
anneal, and the quench combined to yield films with highly ordered equilibrium 
morphologies. 
 
In comparison, the miscibility parameter between DMAc and PS and PMMA is 24 and 
0.36 MPa, respectively. Both the solvent and IL prefer PMMA to PS and therefore the PS 
phase becomes glassy sooner during the solution casting phase. After casting, the film 
was subjected to a shorter two day anneal at 110°C, which resulted in non-equilibrium 
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morphologies confirmed by X-ray scattering, where poorly ordered non-periodic 
morphologies were observed at most IL contents. 
 
 
 
Table 4.1. Polymer and solvent solubility parameters.140 
Material Solubility parameter 
(MPa1/2) 
Poly(styrene) 17.2 
Poly(methylmethacrylate) 22.7 
N-N-dimethylacetamide 22.1 
Toluene 18.2 
 
 
 
Two SbMMA/IL samples with 30 wt% IL were prepared to confirm the hyphothesis of 
non-equilibrium morphologies. First, a DMAc cast sample was annealed for seven days 
and quenched using liquid nitrogen. Second, a toluene cast sample was annealed for two 
days without a quench. In the case of the DMAc cast sample, the longer anneal resulted 
in a morphology that was closer in terms of d-spacing to the original toluene cast film. 
Poorly-ordered morphologies persisted, emphasizing the impact of casting solvent. The 
Toluene cast sample with the shorter two day anneal had a morphology that was closer in 
d-spacing to the original DMAc cast film. This study suggests the importance of casting 
solvent and demonstrates the difficulty in achieving equilibrium morphologies via 
annealing when samples are cast from different solvents. 
 
The morphologies determined using X-ray scattering data were confirmed with TEM. 
Figure 4.6 shows TEM images of representative samples, where the dark regions 
correspond to the S microdomains. The TEM image of the pure SbMMA film cast from 
DMAc (Figure 4.6c) shows a microphase-separated morphology; the randomly 
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distributed microdomains are indicative of a non-equilibrium state. In contrast, the 
pure SbMMA cast from toluene (Figure 4.6d) shows the expected lamellar morphology. 
Hexagonally packed cylinders of S in MMA/IL can be observed for SbMMA/IL (20 
wt%) film cast from DMAc (Figure 4.6a), while a lamellae morphology for the same IL 
composition was observed when cast from toluene (Figure 4.6b). 
 
 
 
 
Figure 4.6. Transmission electron microscopy images of SbMMA/IL (20 wt%) (a, b)  and 
SbMMA (c, d) films. (a, c) were solution cast from DMAc and annealed for 2 days at 
110°C and stained by RuO4. (b, d) were solution cast from toluene and annealed for 7 
days at 110°C and were not stained. Work done by Jae-Hong Choi at the University of 
Pennsylvania. 
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A complete list of the different morphologies is shown in Table 4.2. The volume fraction 
is listed and is used in some of the conductivity models that will be presented later. The 
ability to prepare samples with different morphology types at the same composition was 
fortuitous and enabled us to study its impact on the transport properties of the film, where 
all other variables remained constant.  
 
 
 
Table 4.2. Morphology of SbMMA/IL Films. 
IL 
Content 
(wt%) 
IL to 
MMA 
(mole 
ratio) 
Volume 
fraction 
c 
(PMMA+IL)a 
Toluene DMAc 
Morphology 
Lattice 
Parameter 
(nm)b 
Morphology 
Lattice 
Parameter 
(nm)b 
0 0.00 0.52 Lamellar 39 Microphase Separated 33
c 
10 0.05 0.56 Lamellar 48 Microphase Separated 37
c 
20 0.12 0.59 Lamellar 52 Cylinder 48 
30 0.20 0.64 Lamellar 57 Cylinder 56 
35 0.25 0.66 Cylinder 72 - - 
40 0.31 0.68 Cylinder 73 Microphase Separated 42
c 
50 0.46 0.72 Cylinder 73 Microphase Separated 42
c 
aVolume fraction (c) of IL swollen MMA phase was calculated based on the densities of 
PS (1.04), PMMA (1.2) and IL (1.52) assuming no volume change upon mixing. 
 bLattice parameter obtained through SAXS analysis calculated based on a linear 
regression method using the experimental interplanar spacings and the assigned Miller 
indices.135,136 
cLattice parameter obtained through SAXS analysis calculated based on D=2/q1, where 
the q1 is the primary peak position in the 1-D SAXS plot. 
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4.3.3. Ionic Conductivity 
Figure 4.7 shows the through-plane room temperature ionic conductivity of PMMA/IL 
and toluene-cast SbMMA/IL films as a function of IL composition relative to MMA, 
which facilitates a comparison between the homopolymer and block copolymer films. A 
sharp increase in conductivity can be observed both for the homopolymer (at ~0.15 mole 
ratio) and the block copolymer (at ~0.2 mole ratio). The IL composition approximately 
corresponds to the IL composition at which Tg is room temperature (see Figure 4.2), 
which is the same temperature as the conductivity experiment. In other words, the 
transition from a glassy to a rubbery state in the polymer results in a significant increase 
in conductivity for both systems due to the increased segmental motion of the PMMA 
chains and increased free volume.  
 
Additionally, clear differences in conductivity can be observed when comparing the 
homopolymer to the block copolymer at each IL composition. The homopolymer exhibits 
higher conductivities compared to the block copolymer at similar IL mole ratios and glass 
transition temperatures. Interestingly, at a similar ionic liquid wt%, the SbMMA/IL cast 
from DMAc at 50 wt% IL (~0.45 mole ratio) exhibits the highest conductivity (7.3 x 10-5 
S/cm) (data not shown in Figure 4.7), which is over an order of magnitude higher than the 
PMMA/IL at 50 wt% IL (~0.25 mole ratio). When homopolymer/IL compositions > 0.25 
IL to MMA mole ratio were prepared, the result was a gel-state, where robust 
freestanding solid-state films were not attainable. In contrast, the block copolymer allows 
for the preparation of solid-state films at higher IL to MMA mole ratios, because the 
additional microphase separated component (the non-conducting PS block) retains its 
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high glass transition temperature and imparts improved mechanical stability. Thus, 
robust films with higher ionic liquid contents in the MMA phase can be achieved in block 
copolymers that result in higher ionic conductivities than the homopolymer/IL mixtures. 
 
 
 
 
Figure 4.7. Through-plane ionic conductivity of PMMA/IL (■) and toluene-cast 
SbMMA/IL (●) films at room temperature as a function of IL to MMA mole ratio. The 
schematics show the two idealized block copolymer morphologies and the direction of 
measured ion transport. The labels (C, L) represent cylindrical, and lamellar 
morphologies, respectively. The trend lines were included to guide the eye. 
 
 
 
Figure 4.8 shows the measured through-plane conductivity for the SbMMA/IL samples 
cast from both toluene and DMAc as a function of the volume fraction of the conductive 
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microdomain of the block copolymer films to examine the importance of block 
copolymer morphology. This data was compared to the maximum predicted conductivity 
calculated from a parallel model assuming perfect long-range alternating conductive and 
non-conductive lamellar domains where the normal of the lamellae is perpendicular to the 
measured direction of transport (shown in Equation 4.2).  
max  c c  (1c )n         (4.2) 
In Equation 4.2, φc is the volume fraction of the conductive microdomain (MMA + IL), 
σc is the conductivity of the conductive microdomain, and σn is the conductivity of the 
non-conductive microdomain (S). If we assume that the σn<<σc, then Equation 4.2 
simplifies to: 
max  c c            (4.3) 
where σc is the composition-dependent conductivity measured for the homopolymer 
PMMA/IL films (data in Figure 4.7).  
 
Figure 4.8 shows predicted σmax along with the measured through-plane conductivity of 
the block copolymer/IL films. When the conductive microdomain is glassy (φc < 0.64), 
the anisotropic lamellar morphology results in significantly lower through-plane 
conductivities than the predicted maximum value (note: the lamellar domains are 
preferentially oriented in the plane of the film opposite the direction of transport). The 
films with a cylindrical morphology, where the conductive microdomain is continuous 
throughout the film (note: the cylinders are the non-conducting styrene), results in 
conductivities closer to predicted maximum value, while the films with microphase-
separated morphologies results in even higher conductivities. The conductivity 
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differences between lamellar and cylindrical morphologies illustrate the differences 
between preferentially oriented conductive domains opposite the direction of transport to 
a more continuous path for transport. The differences between periodic cylindrical and 
non-periodic microphase-separated morphologies may be the result of less tortuosity in 
the latter case.  
 
 
 
 
Figure 4.8. Room temperature through-plane conductivity of toluene-cast (●) and DMAc-
cast (▼) SbMMA/IL films compared with the maximum predicted conductivity (max - 
solid line) for perfect lamellae aligned in the direction of ion transport. The schematics 
illustrate the two idealized block copolymer morphologies and the direction of measured 
ion transport. The labels (C, L, M) represent cylindrical, lamellar, and microphase 
separated morphologies, respectively. 
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The effect of morphology on ionic conductivity can be more clearly seen in Figure 
4.9, which shows both the room temperature through-plane and in-plane conductivities of 
the toluene-cast SbMMA/IL films. There is a significant difference between the through-
plane and in-plane conductivity for the films with an anisotropic lamellar morphology. In 
these results, the effect of anisotropic lamellar morphology on conductivity can be clearly 
observed both when the conductive phase is glassy (φc < 0.64) and rubbery (φc = 0.64 - 
0.67) (more significant with the former). As expected, the measured conductivity is in 
better agreement with the maximum predicted conductivity when the lamellar domains 
are in the same direction as the measured direction.   
 
At higher IL compositions (φc > 0.68), where the cylindrical morphology is observed, the 
difference in conductivity between the two measured directions is statistically 
insignificant. Although the non-conductive cylinders are in a preferential anisotropic 
orientation, the conductive MMA/IL microdomain is continuous throughout the film. 
These results demonstrate the significant effect that orientation of morphology can have 
on ion transport. Additionally, the SbMMA/IL films cast from DMAc that resulted in a 
continuous conductive microdomain within cylindrical and microphase separated 
morphologies also resulted in similar conductivities when comparing between through-
plane and in-plane measurements (data not shown). 
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Figure 4.9. Room temperature through-plane ( ) and in-plane ( ) ionic conductivity of 
toluene-cast SbMMA/IL films compared with maximum predicted conductivity (max - 
solid line) for perfect lamellae aligned in the direction of transport. The schematics 
illustrate the two idealized block copolymer morphologies and the directions of measured 
ion transport. 
 
 
 
Figure 4.10 shows a regression of the toluene-cast SbMMA/IL films conductivity-
temperature data to the Arrhenius equation, σ = σ0 exp(Ea/RT), where Ea(kJ/mol) is the 
activation energy. The data regresses reasonably well above and below a transition at 
~100°C, where there is a discontinuity in the trend at ~100°C. Coincidentally this 
temperature corresponds to the glass transition temperature of the S microdomain of the 
block copolymer, where the activation energies of all the films are lower above this glass 
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transition. In other words, there is less resistance to ion transport when both blocks 
are rubbery. The activation energies determined for the regression to the Arrhenius 
equation are shown in Table 4.3. Here, it can be clearly seen that the activation energies 
are lower (at all ionic liquid compositions) above the 100°C. Also, the activation energies 
decrease with increasing IL content above and below 100°C.  
 
 
 
 
Figure 4.10. Temperature dependence of in-plane ionic conductivity for toluene-cast 
SbMMA/IL films. Solid lines represent regression to Arrhenius equation. 
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Table 4.3. Activation energies and measured glass transition temperatures for toluene 
cast SbMMA/IL films.  
EMIm-TFSI 
(wt %) 
Tg 
(K) 
a (kJ/mol) a (kJ/mol) 
30-100°C 110-150°C 
30 315 65 45 
35 292 54 35 
40 283 46 32 
50 224 41 29 
 
 
 
Figure 4.11 shows the same data regressed to the Vogel-Tamman-Fulcher (VTF) 
equation, σ = σ0 exp [B/(T-T0], where σ0 is the maximum predicted conductivity at 
infinite temperature, B is the related to the activation energy, and T0 is the Vogel 
temperature and is commonly found to be 50 K below the measured Tg.63 The fitting 
constants are listed in Table 4.4. The Vogel temperature may be considered the 
temperature at which ion conduction ceases. The activation energy predicted by the VTF 
equation is a function of temperature, and at the Vogel temperature, this quantity 
becomes infinitely large. The VTF equation accounts for the effect of polymer relaxation 
and segmental motion on ion transport and is thus often invoked when ion transport in 
polymers are described. The T0 values were found to be approximately 50 K below Tg 
and this suggests that polymer dynamics does play a role. Given that the temperature of 
the measurements were sufficiently in excess of T0, the data regresses well to both the 
VTF and Arrhenius equation. 
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Figure 4.11. Temperature dependence of in-plane ionic conductivity for toluene-cast 
SbMMA/IL films. Solid lines represent regression to VTF equation. 
 
 
 
Table 4.4. VTF fitting constants and measured glass transition temperatures for toluene 
cast SbMMA/IL films. 
EMIm-TFSI 
(wt %) 
Tg 
(K) 
0 (mS/cm) B (K) T0 (K) 0 (mS/cm) B (K) T0 (K) 
30-100°C 110-150°C 
30 315 2.1  488 262 8.9  633 263 
35 292 2.7  484 239 8.7 645 244 
40 283 8.7  613 220 1.4 664 233 
50 224 1.9  1153 173 1.7 1142 172 
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4.4. Conclusions 
This work demonstrates that significantly higher ionic conductivities (up to 1 mS/cm at 
~100°C) can be achieved in block copolymer/IL solid-state films compared to its 
homopolymer counterpart at the same ionic liquid content (wt %). The non-conductive 
microdomain (S) in the block copolymer is immiscible with the IL and thus retains its 
high glass transition temperature with increasing IL content. This work also demonstrates 
the significant effect that glass transition, morphology type, and orientation have on ionic 
conductivity in block copolymer/IL solid-state films. The glass transition of both the 
conductive and non-conductive microdomain impact transport, where the glassy-rubbery 
transition in the conductive block resulted in a significant increase in conductivity and the 
glassy-rubbery transition in the non-conductive block resulted in lower activation 
energies. Changing the morphology type from a discontinuous conductive microdomain 
(anisotropic lamellae morphology) to a continuous conductive microdomain (anisotropic 
non-conducting cylinders or microphase separated morphologies) resulted in increased 
through-plane conductivities. Also, a significant difference in conductivity was observed 
when comparing through-plane and in-plane conductivity only for the films with an 
anisotropic lamellar morphology. Overall, the block copolymer/IL system appears to be 
highly tunable, where numerous chemistries and morphologies can be envisioned, which 
can impact solid-state properties and ionic conductivities. Electrochemical devices that 
require solid-state polymer electrolytes will benefit from the continued development of 
block copolymer/IL films.  
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Chapter 5. Ion Transport in Polymer/Ionic Liquid-Based Actuators 
 
5.1. Introduction 
In this chapter, we will discuss ion transport in polymer/ionic liquid-based actuators. As 
previously mentioned in chapter 1, there has been a recent surge in interest regarding the 
use of polymer/ionic liquid films as actuators.42-46 Time-resolved Fourier Transform 
Infrared Attenuated Total Reflectance (FTIR-ATR) spectroscopy has been used to study 
the diffusion of small molecules into polymers.141 Recently, the technique has been used 
in our laboratory to study the diffusion of water and methanol in polymer electrolytes 
such as Nafion.89,125,142 Given the expertise in this field, it was desired to apply that 
knowledge towards understanding ion diffusion in ionic liquid/polymer systems.  
 
At the time of publication, there are no reports of in situ measurements of ion 
concentration in a polymer actuator. In this chapter, we discuss the development of a new 
experimental technique that utilizes FTIR-ATR spectroscopy to study the diffusion of 
ionic species in an actuator in response to an applied electric field: Electric Field FTIR-
ATR spectroscopy (EF FTIR-ATR spectrscopy). Simultaneously, macroscopic strain data 
of the actuator was collected during the experiment.  
 
5.2. Experimental 
5.2.1. Materials 
1-ethyl-3-methyl imidazolium dicyanamide (EMIm-DCA) (mol. wt. = 177.21; 99% 
purity), 1-butyl-3-methyl-imidazolium trifluoromethanesulfonate (BMIm-CF3SO3) (mol. 
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wt. = 288.29; 99% purity) were purchased from Solvent Innovations and used as 
received. Poly(vinyl alcohol) (PVA), (Mn = 86,000 g/mol; 99% hydrolyzed) was 
purchased from Scientific Polymer Products Inc. and used as received. Nafion 117 (1100 
EW, 178 μm (0.007 in.) dry thickness, commercially extruded film) was purchased from 
Ion Power. The following solvents were used to purify Nafion: hydrogen peroxide 
(Aldrich, 30-32 wt %) diluted to 3 wt %, ultrapure deionized, reverse osmosis (RO) water 
(resistivity ~16 MΩ cm), and sulfuric acid (Aldrich, 99.999% purity, A.C.S. reagent). 
The Nafion membranes were purified by refluxing in 3 wt% hydrogen peroxide, rinsed 
extensively in RO water, refluxed in 0.5M sulfuric acid, and rinsed in RO water again. 
Each step was done over 1 hr and a similar procedure has been reported elsewhere.125 24 
K gold leaf on a wax paper backing was purchased from L.A. Gold Leaf. 
 
5.2.2. Time-Resolved Fourier Transform Infrared-Attenuated Total Reflectance 
(FTIR-ATR) Spectroscopy 
Time resolved Fourier transform infrared attenuated total reflectance spectroscopy 
(FTIR-ATR) allows for the molecular scale discrimination of polymer and diffusant at 
the point of interest. Broadly, the technique accomplishes this by surveying the 
absorbance of IR energy over a spectrum of wavelengths, which for our purposes has 
been limited to the mid IR region (4000 - 650 cm-1). Taking advantage of the 
characteristic absorbances related to the chemical bond vibrations, it is then possible to 
relate absorbance to concentration of chemical bonds. This enables the technique to 
discern different chemical species and quantify different concentrations and study multi-
component diffusion. Collecting spectra at set time intervals enables a survey of change 
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in concentration in response to a variety of different perturbations. Not only is the 
technique sensitive towards changes in concentration, because bond vibrations are 
affected by their chemical environment, this technique can further identify changes in 
interactions due to shifts in IR absorbance. 
 
Infrared radiation was first reported by Sir William Hershell and has since been utilized 
to analyze chemicals. In the years since its initial discovery, the basic principles have not 
changed. The covalent bond might be thought of in simplest terms as a harmonic 
oscillator consisting of two atoms (hard spheres) connected via a bond (spring). This 
bond has a characteristic spring constant, so that it can be excited to a higher energy state 
when it is exposed to radiation that corresponds to the energy difference of this quantum 
leap. The absorption of this quantized energy can be observed in terms of IR loss, and 
higher concentrations of the chemical bond results greater loss in IR radiation at that 
particular wavelength. Wavenumber is commonly used instead of frequency when 
displaying IR spectra and this is appropriate since it scales linearly with energy. The 
spring constant of the bond is related to its stiffness and the mass of the two atoms. In 
general, stiffer bonds will oscillate more slowly, so that they absorb lower wavelength 
(higher wavenumber) IR energy.89 
 
The set-up for our particular experiment involves the use of an ATR element, typically a 
infrared transmitting crystal of an optically dense material such as zinc selenide or 
diamond. A schematic of the technique is shown in Figure 5.1. The IR beam is reflected 
totally and internally within the ATR element. At the site of the reflection, an 
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exponentially decaying electromagnetic field propagates into the region outside the 
ATR element. If a polymeric sample is placed in intimate contact with the ATR element, 
the evanescent wave will propagate at the ATR element/polymer interface into the 
sample. Chemical bonds in this region are able to absorb IR energy from the reflected IR 
beam. The characteristic absorption of IR radiation might then be utilized to study the 
concentration of chemical species at this region. The depth of penetration, dp, is a 
function of the evanescent wave decay coefficient, γ, and can be calculated using 
Equation 5.1.141 
dp  1           (5.1) 
The evanescent wave decay coefficient is in turn a function of angle of incidence, θi, the 
refractive index of the ATR element (n1), the refractive index of the polymer (n2), and the 
wavelength of light (λ) and can be calculated using Equation 5.2.141 
 
2n1 sin21  n2n1




2
         (5.2) 
The depth of penetration is typically in the range of 0.1 – 1 μm,141 so that for the films 
used in this study, which have a thickness of ~ 200 μm, the point of interest can be 
assumed to be the interface between the polymer and the ATR element. 
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Figure 5.1. Schematic of single bounce Fourier-transform infrared attenuated total 
reflectance (FTIR-ATR) spectroscopy. 
 
 
 
One way of using this technique to study transport in polymers is to perturb the system 
with a concentration gradient. This can be achieved by charging the top surface of a 
planar polymer sample with a known concentration of diffusant. The rate at which the 
diffusant collects at the bottom surface can be studied using time-resolved FTIR-ATR 
spectroscopy to determine the diffusivity of the species. The present study is an 
adaptation of this technique and attempts to perturb the system by applying an electric 
potential instead of a concentration gradient. It has been observed that when a potential is 
applied to cantilever type planar Nafion/IL films, the material actuates. It has long been 
suspected that this is due to the diffusion of ions and their preferential swelling of one 
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interface that results in the macroscopic actuation that can be observed, but this 
phenomena has not yet been experimentally measured. This study demonstrates the first 
measurements of ion transport in a polymer actuator at the polymer/electrode interface. 
 
5.2.3. Polymer/Ionic Liquid Actuators 
Simple actuators were assembled by adhering thin gold leaf electrodes on both sides of a 
polymeric film. The gold leaf electrodes adhered well to the sample with light pressure. 
Figure 5.2 shows SEM images of actuators constructed using gold leaf and PVA/EMIm-
DCA (50 wt% IL) films. The electrode was ~ 50 - 100 nm in thickness and uniform. A 
typical experiment involved cutting a planar piece of the material with dimensions 
approximately equal to 40 mm by 10 mm. The actuator was then connected to a power 
supply. There are many ways of achieving this, but a simple method used a pair of 
stainless steel tweezers that was broken into two parts, insulated with Teflon tape and 
bound together. The modified tweezer was used to grip the actuator using the exposed 
tweezer tips, while the insulation enabled the application of an electric potential. 
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Figure 5.2. SEM images of PVA/EMIm-DCA (50 wt% IL) films with gold leaf 
electrodes. 
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5.2.4. Time-Resolved Electric Field FTIR-ATR Spectroscopy  
The actuator was placed on top of a single-bounce ATR element (either diamond or ZnSe 
crystals). In both cases, an anvil was used to provide adequate pressure between the 
polymer actuator and the ATR element. Preliminary experiments show that EMIm-DCA 
exhibits strong absorbance between 2500 – 2000 cm-1, and motivates the use of the ZnSe 
ATR element instead of the diamond ATR element as it does not transmit IR radiation 
well in this region. Figure 5.3 shows an actuator on the single-bounce ATR accessory. 
Excessive and uneven pressure was found to damage the actuator and this was 
circumvented by using a thin (~10 mm) piece of Teflon as protection.  
 
 
 
 
Figure 5.3. Picture of a polymer actuator on the single-bound ATR. ATR element on 
bottom side of actuator, while anvil applying pressure on top side.  
 
 
 
The concept of using time-resolved FTIR-ATR spectroscopy to study diffusion in 
polymer/ionic liquid films was attempted using other schemes, such applying the 
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potential in the plane of the film as opposed to through-plane. The in-plane approach 
was attractive, because it was removed the need to have an electrode between the sample 
and the crystal. The in-plane electrode set-up, however, did not yield any discernable 
change in the collected spectra and was abandoned. A possible reason for this failure is 
that Coulomb’s Law predicts that the strength of an electric field drops off as the inverse 
of the distance squared (E α 1/d2 relationship). Most reports on polymer/ionic liquid 
actuators focus on the use of electroless plating techniques. Such techniques enable the 
fabrication of a thick layer electrode layer that contains metal (platinum) and ionomer. 
Using gold-leaf electrodes was an important breakthrough for this technique, because the 
gold leaf was sufficiently connected to function as an effective electrode, while being thin 
enough so as to allow the passage of the evanescent wave. The reduction in signal 
strength is demonstrated in Figure 5.4, which compares spectra of PVA/EMIm-DCA 
films with and without the gold leaf. While the overall signal has been reduced by 
approximately 2/3, the signature is still strong and can still be observed. 
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Figure 5.4. FTIR-ATR spectra of PVA/EMIm-DCA with (dotted line) and without (bold 
line) a gold leaf electrode. 
 
 
 
 
Figure 5.5. Schematic illustrating new technique: time-resolved electric field FTIR-ATR 
spectroscopy to investigate ion diffusion in a polymer actuator. 
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A schematic illustrating the new technique is shown in Figure 5.5. Similar to the set-
up used for studying diffusion of small molecules in polymers, it relies on the evanescent 
wave for IR absorbance. Unlike the conventional experiment, the evanescent wave has to 
penetrate the thin gold electrode. It has been shown that this results in a smaller signal 
(Figure 5.4). However, this experimental set-up allows the application of an electric 
potential to the polymer film. When a small voltage is applied, ions diffuse as a result and 
this can be quantitatively measured near the polymer-electrode interface. 
 
5.2.5. Actuation 
The actuation that results from applying a potential is observed by having one end of the 
actuator free (not under the anvil) so that it is able to move. This macroscopic strain was 
captured using Pixera high resolution digital camera and Pixera motion software. A 
simple way to quantify actuation is to measure tip displacement, which is the distance the 
tip of the actuator has moved with respect to its original position. 
 
5.3. Results 
5.3.1. Polymer/IL Actuators 
The possible candidates for this study were determined by considering a series of 
available samples that had been previously prepared for other studies. This list is shown 
in Table 5.1. The most promising was PVA/EMIm-DCA, which exhibits very high 
conductivities. Ionic liquid imbibed Nafion membranes were also investigated as 
polymer/IL actuators.  
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Table 5.1. Survey of polymer/IL actuator candidates  
IL 
content 
(wt %) 
Polymer IL Comments 
50 poly(acrylonitrile) BMIm-BF4 Very Poor 
50 poly(methylmethacrylate-ran- 
styrene) 
EMIm-TFSI Weak actuation at 5V 
50 poly(methylmethacrylate) EMIm-TFSI No actuation 
40 poly(butyl methacrylate) EMIm-TFSI Actuates well 
40 poly(iso butyl methacrylate) EMIm-TFSI No actuation 
40 isotactic poly(methyl 
methacrylate) 
EMIm-TFSI Poor actuation 
40 poly(iso propyl methacrylate) EMIm-TFSI Actuates well 
40 poly(ethylmethacrylate) EMIm-TFSI No actuation 
55 poly(methyl methacrylate) EMIm-TFSI Soft; not free standing; 
actuates 
50 poly(isobutylene) EMIm-TFSI No actuation 
40 poly(vinyl alcohol) EMIm-BF4 No actuation 
40 poly(isobutylene) BMImCF3SO3 Minor actuation 
50 poly(vinyl alcohol) EMIm-DCA Actuates well 
 
 
 
5.3.2. FTIR-ATR Study of Polymer/IL Actuators 
FTIR-ATR spectroscopy was used to measure the absorbance of polymer/IL films. 
Careful study of this signature was used to determine the change in concentration of the 
various chemical species. Unlike intensely characterized systems, such as Nafion, there 
are fewer reports that discuss the use of IR spectra to characterize ionic liquids. Peak 
assignments for the various ionic liquids used in this work were demonstrated via a 
combination of studying what was previously reported and by comparing different cation 
and anion pairs. Error! Reference source not found. shows the spectra of BMIm-BF4 
and it can be compared with the spectra of EMIm-BF4 (Figure 5.6). The difference in 
absorbance resulting from increasing the alkyl chain from two carbons to four is obvious. 
The most distinctive difference is the trio of peaks between 3000 - 2800 cm-1 that are 
absent in EMIm-BF4, related to the aliphatic C-H stretch of the longer alkyl chain. A 
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summary of the literature values available for the peak assignments are listed in Table 
5.2 (BMIm-BF4) and Table 5.3 (EMIm-BF4). 
 
 
 
Table 5.2. Peak assigments for BMIm-BF4.143 
Peak location 
(cm-1) 
Bond assignment (ν) 
3100-3200 aromatic C-H stretch 143 
2800-3000 aliphatic C-H stretch143 
1250-1550 C-H bending143 
1476 C-H bending144 
1550-1600 in-plane aromatic C-C stretch143 
1576 in-plane C-C, C-N stretch144 
1135 B-F stretch144 
1150-1200 aromatic C-N stretch143 
1182 in-plane aromatic C-H deformation vibration144 
1290 symmetric C-H aromatic vibration144 
858 in-plane C-H vibration144 
500-800 Out of plane C-H rotation143 
767 BF4 stretch144 
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Figure 5.6. FTIR-ATR absorbance spectra of 1-ethyl-3-methyl-imidazolium 
tetrafluoroborate (EMIm-BF4). 
 
 
 
Table 5.3. Peak assigments for EMIm-BF4.145 
Peak location 
(cm-1) 
Bond assignment (ν) 
3166 aromatic C-H stretch 
3125 aromatic C-H stretch 
2952 ethyl CH3 antisymmetric stretch 
1619 C = C stretch 
1576 C = C stretch 
1462 Methyl CH3 antisymmetric bend 
1172 aromatic C-N  
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Figure 5.7. FTIR-ATR absorbance spectrum of BMIm-DCA.  
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Figure 5.8. FTIR-ATR absorbance spectrum of EMIm-DCA. 
 
 
 
A survey of BMIm-DCA (Figure 5.7) and EMIm-DCA (Figure 5.8) shows similar 
differences. The dicyanamide ionic liquids exhibit unique absorbance between 2400-2000 
cm-1. These peaks are related to the CN triple bond and appear in a section of the IR 
spectrum where few chemical species absorb. This makes them ideal for study. Early 
work on using FTIR-ATR spectroscopy sought to take advantage of the distinctive 
dicyanamide absorbance to distinguish cations and anions in the system. 
 
Figure 5.10 shows the FTIR-ATR spectra of Nafion and Table 5.4 lists the infrared bands 
in this polymer, which has also been investigated extensively by Hallinan.89  
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Figure 5.9. FTIR-ATR absorbance spectrum of Nafion 117.  
 
 
 
Table 5.4. Nafion peak assignments; adapted from Hallinan.89 
Range 
(cm-1) 
Bond assignment (ν) Peak maxima 
(cm-1) 
3600-2800 water O-H stretch 3480, 3282 
SO3-H O-H stretch 2722 
1724-1684 O-H bend 1640 
H3O+ Bend 1710 
1400-1000 C-F2 Asymmetric stretch 1200 
O=S=O Symmetric stretch 1172 
SO3- Symmetric stretch 1060 
1000-900 C-O-C asymmetric stretch 982 
C-O-C symmetric stretch 960 
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5.3.3. In Situ Time-Resolved Electric Field FTIR-ATR Spectroscopy of 
PMMA/EMIm-TFSI Actuator 
While PMMA/EMIm-TFSI was unable to exhibit actuation behavior, the author had 
studied transport in that system (Chapter 4) and it was of interest to observe the effect of 
an electric field on this polymer/IL film. Figure 5.10 shows the time-resolved experiment, 
where the actuator constructed using 40 wt% IL PMMA/EMIm-TFSI and gold leaf 
electrodes was subject to a 1.3 V electric potential. While macroscopically, no actuation 
was observed, the IR spectra revealed changes in absorbance when the potential was 
applied. 
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Figure 5.10. Time resolved FTIR-ATR spectra for a 40 wt% IL PMMA/EMIm-TFSI 
actuator subject to 1.3 V. Dashed line indicates initial spectra. A selected portion of the 
spectra has been expanded for clarity. 
 
 
 
The peaks in the spectra show in Figure 5.10 are convoluted so that quantitative analysis 
of individual peaks are challenging. This can be overcome by deconvolution of the peaks. 
The easiest and most accurate means of addressing this problem is to carefully select 
peaks that do not overlap. It is noted that there is a peak at 1575 cm-1 that can easily be 
quantified without deconvolution. This peak is related to the cation imidazolium CN 
stretch and its peak height can be used to study the change in cation absorbance when the 
field is applied. This experiment demonstrates the capability to observe changes in ion 
concentration at the electrode interface. 
 131
 
Figure 5.11. Peak profile of 1575 cm-1. This peak corresponds to the cation absorbance. A 
1.3 V potential is applied at 20 minutes, where a significant change in absorbance was 
observed.  
 
 
 
5.3.4. In Situ Time Resolved Electric Field FTIR-ATR Spectroscopy of PVA/EMIm-
DCA Actuator 
Unfortunately, possibly as a result of its higher glass transition temperature (poor 
flexibility, low conductivity), the PMMA/EMIm-TFSI (40 wt%) film did not actuate. To 
pursue our interest in relating ion diffusion (invisible to the human eye) to macroscopic 
strain, other actuators were investigated. We had earlier devoted chapter 2 to the study of 
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transport in the PVA/EMIm-DCA system. In chapter 2, PVA/EMIm-DCA films were 
found to be highly conductive under ambient conditions and it was decided that they 
should make good candidates for this study. 
 
In order to quantify the macroscopic actuation that accompanies ion diffusion when an 
electric potential is applied, videos of the free-hanging tip was recorded. A picture of the 
set-up is shown in Figure 5.12. The actuator was held by a pair of modified tweezers, 
which also functions as the leads for applying the potential to the top and bottom 
electrodes of the planar actuator. One end of the actuator is secured atop an ATR element 
with the anvil. Direct contact with the anvil is avoided by using a piece of Teflon. This is 
important because the electrode is fragile. The other end of the actuator was free to move 
and was positioned in front of a ruler, which remains in the frame as a scale bar. 
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Figure 5.12. Picture of the experimental apparatus for the time resolved EF FTIR-ATR 
spectroscopy, showing the actuator being held in position with a Teflon block. 
 
 134
 
Figure 5.13. Input voltage and resulting tip displacement for 50 wt% IL PVA/EMIm-
DCA actuator. 
 
 
 
A potential of 3.5 V was applied after 20 minutes and removed 40 minutes into the 
experiment. An hour into the experiment, -3.5 V was applied, and that was removed after 
80 minutes. The resulting tip displacement is shown in Figure 5.13. Simultaneously, 
FTIR-ATR spectra of the actuator was collected and is shown in Figure 5.14. Selected 
peak time profiles of  anion and cation and are shown in Figure 5.15. 
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Figure 5.14. Time-resolved FTIR-ATR spectra of the PVA/EMIm-DCA actuator under 
an applied potential. 
.  
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Figure 5.15. Peak profiles corresponding to the actuator shown in Figure 5.12: (a) anion 
(b) cation peaks shown here. 
 
 
 
Figure 5.16a shows the profile for the anion. When the 3.5 V is applied, the anion 
absorbance increases then decreases. This increase is expected given that the anion is 
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driven to the positively charged electrode by the potential gradient. The accumulation 
of anions at the electrode results in a concentration gradient, which then results in the 
diffusion of anions in the opposite direction. At 3600 seconds, -3.5 V is applied, and the 
anions are repelled from the anode and the anion absorbance decreases. 
 
Figure 5.16b shows the profile related to cation and interestingly, the concentration of 
cation increases slightly, when it is expected to be repelled from the electrode. This may 
be due to cations that are dragged by anions (ion-ion pairs) toward the electrode. When -
3.5 V is applied, there was a significant increase in cation absorbance and this increase 
occurred simultaneously with the anion decrease observed in Figure 5.16a.  
 
After the potential is removed, cation absorbance rapidly returns to its original value, 
while the anion absorbance changes in two steps. This abrupt change was followed by a 
slow relaxation that takes place over 1800 seconds.  
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Figure 5.16. Effect of an applied potential on the dicyanamide anion (2400 – 2100 cm-1) 
region of the IR. (a) 0 V to 3.5 V; (b) 3.5 V to 0 V; (c) 0V to -3.5 V; (d) -3.5 V to 0V. 
Bold line indicates the first spectra in the series. 
 
 
 
It was observed in Figure 5.17a that when 3.5 V is applied there are new peaks that 
appear at 2180 and 2304 cm-1. When the potential was removed (Figure 5.17b), the new 
peaks disappear. The extra peaks are not present when -3.5 V was applied (Figure 5.17c), 
but was instead observed when the -3.5 V was removed (Figure 5.17d). 
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5.3.5. In Situ Time Resolved Electric Field FTIR-ATR Spectroscopy of 
Nafion/BMIm-CF3SO3 Actuator 
Similar to the experiment for the PVA/EMIm-DCA actuator discussed in the preceding 
section, a similar experiment was performed on an actuator based on Nafion/BMIm-
CF3SO3 films. Figure 5.17 shows the input voltage and resulting tip displacements for 
this experiment, while Figure 5.18 tracks two selected peaks that have been chosen that 
represent the anion and cation in the system.  
 
When 3.5 V was applied, the anion absorbance increased immediately, but began to 
decrease with time. When the potential was removed, the anion absorbance decreased to 
a value that was lower than the initial value. When -3.5 V was applied, the anion 
absorbance decreased due to repulsion and gradually increased after the initial change. 
Going from -3.5 V to 0V, the anion absorbance returned to its original value from the 
start of the experiment. When 3.5 V was applied the second time, the anion absorbance 
increased immediately, but did not decrease as much as it did the first time 3.5 V was 
applied.  
 
The cation responded almost opposite to the anion. Similar to the anion, step changes in 
input voltage were not matched by changes in cation absorbance. It was observed that 
cation absorbance decreased when 3.5 V was applied (repelled by positive charge) and 
increased when -3.5 V was applied (attracted to negative charge). 
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Figure 5.17. Input voltage and resulting tip displacement for 30 wt% IL Nafion/BMIm-
CF3SO3 actuator. 
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Figure 5.18. Peak profiles corresponding to the Nafion/BMIm-CF3SO3 actuator. 
 
 
 
5.4. Conclusions 
A new experiment to study the diffusion of ions inside a polymer actuator using time-
resolved FTIR-ATR spectroscopy when an electric field was applied has successfully 
been developed. The technique can be used on polymer/IL actuators, so that macroscopic 
strain, which is commonly reported, can be related to changes in ion concentration at the 
electrode interface. The experiment has been performed on three different polymer/IL 
systems and has demonstrated the ability to distinguish between cation and anion.  
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5.4.1. Limitations 
There are, however, some unresolved technical issues with this technique. In the case of 
the PMMA/EMIm-TFSI time resolved EF FTIR-ATR spectroscopy experiment, a 
monotonic change in response to the electric field was observed but the material failed to 
exhibit macroscopic actuation. It is likely that this was due to the poor flexibility of the 
material. This limits the analysis to the study of ion diffusion in response to an applied 
field. 
 
The PVA/EMIm-DCA time resolved EF FTIR-ATR spectroscopy with actuation 
experiment was successful in simultaneously capturing macroscopic actuation and 
molecular diffusion. Unfortunately, unexplained extra peaks were observed. It is possible 
that these extra peaks are related to CN bond vibrations, when the dicyanamide anion is 
concentrated. This would explain why they appear at the anode, but not at the cathode. 
Because bond vibrations are related to their chemical environment, it is possible that 
bond vibrations specific to the dicyanamide anion might be more susceptible to an 
electric field, so that the bond absorbance is shifted. Without knowledge of the identity of 
these peaks that appear only when a field applied, quantitative analysis of the anion 
absorbances in the 2500 to 2000 wavenumber region will not be possible since any 
change in absorbance could be due to change in the concentration of the chemical species 
and change in chemical state, with no reliable method of distinguishing the two effects. 
One possible way to address this issue is to deconvolute the different peaks that overlap. 
This was attempted using Omnic software with limited success. 
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It was observed that the absorbance in the PVA/IL and Nafion/IL systems do not 
change monotonically, and this could be related to the extended actuating tip (Figure 
5.12) that is present during the experiment. This free hanging tip enables the study of 
how the material actuates under the same applied fields. However, the IR detection area 
is constrained by an anvil while the extended tip is not, and this could result in lateral 
diffusion of ions. When the field was applied, the ions migrate to the electrode. However, 
once ions are at the electrode, there is a chemical potential gradient that is related to the 
unrestrained portions of the actuator having more free volume. This would explain the 
decrease after the initial jump. Furthermore, this behavior was not observed for the 
PMMA/EMIm-TFSI system. In that system, the material fails to actuate, probably due to 
poor flexibility and low ionic conductivity.  
 
In its current form, the experiment is able to show the molecular diffusion of ions in 
response to an applied potential when the material is rigid. In such materials, 
macroscopic actuation was not observed but this could be overcome by using thinner 
films. When the material is rubbery, it is possible to simultaneously observe macroscopic 
actuation and spectral changes in response to an applied electric field. However, the 
strong possibility of lateral ion diffusion along the plane of the film in addition to the 
desired cathode to anode direction means that the data can only be used qualitatively. 
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Chapter 6. Conclusions 
 
6.1. Summary 
Solid-state films of polymer/IL mixtures were prepared and studied for their ion transport 
properties. Mixtures used in this study involved neutral homopolymers, polymerized 
ionic liquids and block copolymers, each of which provided interesting conclusions about 
the contributing factors affecting ion transport in polymer/IL mixtures. 
 
Highly conductive homopolymer/IL mixtures with a maximum conductivity of 68 mS/cm 
at 120°C and 10% RH were prepared. This corresponds to conductivity that is two orders 
of magnitude higher than Nafion under similar conditions, and highlights the potential of 
electrolytes based on ionic liquids. Miscibility was found to be an important factor and 
was quantified using a combination of visual inspection, DSC and SEM. Immiscible 
mixtures resulted in mixtures with poor film forming properties and poor conductivity, 
while miscible mixtures in contrast were able to attain high conductivities with increasing 
IL content. For miscible mixtures, an increase in conductivity with IL content was related 
to glass transition temperature. Specifically, with the PVA/EMIm-DCA films, when the 
glass transition temperature depresses with increasing IL content, this was accompanied 
by a seven order of magnitude gain in conductivity that approaches bulk IL conductivity. 
The decrease in glass transition temperature with increasing IL content also resulted in 
reduced tensile strength and this trade-off motivates the use of a second phase to provide 
mechanical strength.  
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Mixtures consisting of PIL/IL were prepared to study the impact of having a tethered 
charge as part of the polymer architecture. Conductivity increased with increasing IL, as 
observed for miscible neutral homopolymer/IL mixtures. To account for this, PIL/IL 
samples were compared with various PIL-based polymers that had similar glass transition 
temperatures. The presence of bulk IL in PIL/IL mixtures was found to improve transport 
compared to the PIL, and uncharged polymer/IL mixtures had better transport properties 
than PIL/IL mixtures when normalizing for glass transition temperature and ion 
concentration, suggesting that the presence of a tethered charge results in greater 
resistance to ion transport, possibly owing to the stronger interactions caused by having 
tethered ionic moeities. 
 
A block copolymer was used to study the impact of morphology on ion transport. 
SbMMA/EMIm-TFSI. This mixture was found to phase separate into a highly conductive 
PMMA/IL microphase and a non-conductive PS microphase. With increasing IL content, 
the glass transition of the PMMA/IL microphase was depressed. The glass transition 
temperature depression of the PMMA/IL microphase scaled similarly for both block 
copolymer and homopolymer PMMA/IL mixture, suggesting that the concentration of IL 
in the PMMA phase determines its glass transition temperature. This study was motivated 
by the observation that high conductivities were accompanied by reduced mechanical 
properties in amorphous single phase polymer/IL films. In principle, block copolymers 
provide a system with co-existing highly conductive and mechanically strong phases. 
SbMMA/EMIm-TFSI films were prepared and compared with PMMA/EMIm-TFSI 
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films. It was demonstrated that at the same weight fraction of IL, the block copolymer 
mixture has a higher conductivity than the corresponding homopolymer mixture. The 
selectivity of the IL towards the PMMA phase results in the block copolymer/IL mixture 
having a higher overall IL concentration in the PMMA/IL microphase. This results in a 
conductive phase that has a lower glass transition temperature, resulting in a higher 
conductivity. 
 
With increasing IL content, the volume fraction of the conductive phase swells and 
results into different morphologies. Changing the morphology type from a discontinuous 
conductive microdomain (anisotropic lamellae morphology) to a continuous conductive 
microdomain (anisotropic non-conducting cylinders or microphase separated 
morphologies) resulted in increased through-plane conductivities. Also, a significant 
difference in conductivity was observed when comparing through-plane and in-plane 
conductivity only for the films with an anisotropic lamellar morphology. Overall, the 
block copolymer/IL system appears to be highly tunable, where numerous chemistries 
and morphologies can be envisioned, which can impact solid-state properties and ionic 
conductivities. Electrochemical devices that require solid-state polymer electrolytes will 
benefit from the continued development of block copolymer/IL films.  
 
Most experiments to this point are ex situ. It is of interest to gain insight into the physical 
processes that happen during actual operation in an electrochemical device. The 
polymer/IL actuator was determined to be a suitable system for study, because it 
comprises few components and is a closed system. Current understanding of how 
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actuators work is based on how they respond to electrical inputs, without any insight 
into transport of ions on a molecular level. A new experiment was designed and 
developed with the goal of bridging this gap in knowledge. Using time-resolved FTIR-
ATR spectroscopy, the change in anion and cation concentrations in the polymer at the 
electrode was studied in response to an applied electric field. This is the first known 
experiment that measures changes in ion concentration inside a polymer/IL actuator 
during operation. In addition, macroscopic strain that results from the same electrical 
input was measured so that ion diffusion and actuation behavior can be correlated.  
 
6.2. Future Studies 
The study of polymer/IL mixtures has demonstrated the importance of having a low glass 
transition temperature phase to achieve high conductivity. The self ionizing ability of ILs 
enable the preparation of mixtures that exhibit high conductivities without the aid of 
water, even at elevated temperatures and dry conditions. Ionic liquid monomer was 
polymerized in an attempt to prepare novel polymers that exhibit high conductivities. 
These polymers were found to have lower than expected conductivity and could be 
related to a reduced ability to fully dissociate ions compared with bulk IL. The 
incorporation of IL into these polymers reduced the glass transition temperature and 
increased the conductivity, but these materials were still less conductive than neutral 
homopolymer/IL mixtures. This is unexpected since the PIL/IL mixture has more 
available free ions. It is possible that the reduced conductivity is related to increased ion-
ion interactions. Block copolymer/IL mixtures are very promising due to their ability to 
self-assembled into various morphology types. Further anisotropic morphology that 
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resulted in anisotropic conductivities could be promising for applications that desire 
conductivity only in specific orientations. Block copolymers based on PIL are currently 
being prepared and it would be interesting to study their properties when they are mixed 
with IL. The increased polymer-polymer interactions and polymer-IL interactions due to 
the ionic nature of the IL moeities might result in morphologies that are different from 
neutral block copolymer analogues. 
 
The time resolved FTIR-ATR spectroscopy under applied electric field experiment has 
tremendous potential. The next step in the development of this technique is to find a 
suitable model that describes the change in ion concentration in response to the electric 
potential. Additionally, tracking the polymer peaks enables a molecular scale study of 
polymer strain within the actuator and can be related to macroscopic polymer strain to 
determine the efficiency of the process. Currently, there are issues with poor signal as a 
result of the gold leaf electrode. This problem might be overcome by developing a new 
protocol for depositing a thinner and more robust electrode. This could be achieved by 
electroless plating, sputter coating or thermal evaporation of gold.  
 
An alternative solution is to explore ways of increasing the penetration depth of the 
evanescent wave. One possibility is to change the incident angle of the IR beam. 
Currently, the IR beam enters the ATR element at a fixed angle. It is possible to replace 
the current accessory with a different set-up where the incident angle might be altered. 
Alternatively, a more powerful IR source would yield similar results. Another issue 
related to the evanescent wave that has been overlooked is a control study of how an 
 149
applied potential affects the evanescent wave. This can be done by performing EF 
FTIR-ATR spectroscopy on known ion non-conductors. This study will ensure that 
spectral changes in response to an applied electric field are due to changes in ion 
concentration in the same sample volume rather than changes in the sampling depth, and 
correspondingly, sampling volume. 
 
There are unexplained extra peaks that appear when the electric field is applied and it 
would be interesting to understand the cause of this phenomena. The three possibilities 
currently under consideration are peak shift due to change in the chemical environment of 
the bond as a result of the electric field, change in ion-ion interactions when the ion is 
concentrated or that new species are being formed as a result of electrochemical 
decomposition of the IL. The phenomena persists at the minimum voltage provided by 
the power supply (1.3 V) and appears to suggest electrochemical stability, but performing 
the same experiment at even lower voltages with a low range power supply would 
provide a stronger argument. If the shift in peaks are due to changes in the chemical 
environment of the bond, it might be used to study the excitation/relaxation behavior of 
ions under a small applied electric field, where the shift in wavenumber and the rate at 
which it responds to the input might provide new insights. 
 
The appeal of the new technique: using time-resolved FTIR-ATR spectroscopy to 
measure polymer actuators under applied potential has potential to resolve multi-
component diffusion and could be applied to other electrochemical applications. One 
such problem would be diffusion in a polymer electrolyte membrane fuel cell under fuel 
 150
cell conditions. While the actuator is a closed system, modifications to the experiment 
should enable the study of open systems that involve the flow of a fuel. For example, it 
would be interesting to study the impact of an electric field on methanol diffusion. 
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